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ABSTRACT 


This  report  is  concerned  with  potential  applications  of  x-ray  lasers. 

We  have  identified  a number  of  areas  in  science  and  technology  to 
which  x-ray  lasers  could  usefully  contribute.  As  far  as  practical,  the 
specific  laser  parameters  required  for  each  application  have  been  specified. 

The  work  consists  of  a brief  summary  in  which  we  have  listed,  roughly 
in  order  of  likely  importance,  the  most  immediately  promising  applications 
and  laser  parameters,  followed  by  several  chapters  in  which  these  applica- 
tions are  discussed  more  fully.  Considerable  space  has  been  devoted  to 
discussions  on  the  relative  advantages  and  limitations  of  presently  available 
sources  for  the  applications  considered. 
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SUMMARY  AND  CONCLUSIONS 


In  this  study  on  potential  applications  of  x-ray  lasers  we  have 

attempted  to  answer  the  question:  "Suppose  an  x-ray  laser  can  be  built, 

what  are  its  most  likely  applications?"  In  answering  this  question  we 

have  for  the  most  part  assumed  that  a laser  can  be  built  to  specifications 

suitable  for  each  application.  The  only  constraints  that  have  been  imposed 

on  the  parameters  are  those  governed  by  the  physical  processes  giving  rise 

to  lasing.  This  is  not  to  imply  that  these  reqxiirements  will  be  easy  to 

meet.  For  example  (Section  1),  from  the  Larmor  radiation  condition  it 

follows  that  the  lifetime  of  an  inverted  state  is  about  10~^^  where 

X^  is  the  wavelength  in  Angstroms,  so  that  a 1 S (12  keV)  transition 

requires  a power  of  2 W per  atom.  Taking  the  traveling  wave  scheme  suggested 

by  Shipman  (1967)  as  an  example,  a natural  design  for  the  lasing  material 

is  a 1 cm  long  thread  of  1 um  in  diameter  and  density  10~°  atoms/cm^.  The 

12 

power  requirement  is  then  10  W corresponding  to  an  energy  requirement  of 
12 

10  X 30  psec  (the  time  taken  by  the  light  to  travel  1 cm)  » 30  J.  These 
are  realizable  numbers  and  since,  furthermore,  other  laser  schemes  mentioned 


in  Section  1 depend  on  longer-lived  metastable  states  with  reduced  power 
requirements,  it  seems  reasonable  to  assume  for  some  applications  a 1 X 
laser  beam  of  1 pm  diameter  and  collimation  of  the  order  of  0.1  mrad.  The 
losses  in  converting  pump  energy  first  into  x-ray  energy  and  then  into  lasing 
energy  will,  of  course,  raise  the  energy  requirement. 


Justification  for  the  development  of  a new  tool  must  inevitably  involve 
a determination  of  whather  already  existing  resources  can  do  the  job  as  well. 
Some  space  has,  therefore,  been  devoted  (Section  2)  to  a description  of 
^l*^sn'3tive  sources.  The  most  promising  of  these  is  the  electron  synchrotron 
or  electron  storage  ring.  Some  of  the  bigger  machines  provide  a continuum 


1 


of  radiation  from  < 1 X to  > 1000  i with  intensities  comparable  to,  and  in 
some  instances  higher  than,  those  obtainable  from  more  conventional  sources. 
Synchrotron  light  has  the  furth.:r  merits  of  being  highly  polarized  and  of 
emerging  as  a beam  that  is  well-collimated,  at  least  in  one  plane.  Further, 
its  intensity  is  well-defined  in  terms  of  the  machine  parameters,  a quality 
that  renders  this  beam  particularly  attractive  for  detector  calibration. 

Some  of  its  features  s f'^ct  sc  closely  related  to  those  expected  from 

an  x-ray  laser  that  in  our  assessment  of  some  laser  applications  we  have 
been  guided  markedly  by  the  uses  to  which  synchrotron  radiation  has  already 
been  put.  Early  testing  of  applications  where  coherence  is  important  may 
be  possible  with  sources  provided  by  harmonic  generation.  These  are  now 
approaching  the  soft  x-ray  regime.  We  have  added  in  an  appendix  a 
description  of  stimulated  electromagnetic  shock  radiation  (SESR) : a new 
source  which  has  the  potential  of  becoming  an  important  source  of  short- 
wavelength  radiation.  The  process  superficially  resembles  stimulated  Compton 
scattering  in  that  it  depends  on  the  interaction  between  an  intense,  narrow- 
band,  incident  electromagnetic  wave  and  an  electron  beam,  but  now  the 
presence  of  a polarizable  medium  is  required.  The  launching  condition 
essentially  requires  that  the  electron  speed  exceed  a critical  speed.  There 
is  thus  also  a correspondence  with  Cerenkov  radiation,  although  this  source 
is  expected  to  have  narrow-band  spectral  properties  and  would  be  tunable. 

It  should  be  pointed  out  that  SESR  is  as  yet  a speculative  phenomenon: 
it  has  not  been  experimentally  observed  and  the  calculations  are  yet  to  be 
extended  to  many  particles . 

The  question  now,  of  course,  arises:  what  then  are  the  unique 
qualities  on  an  x-ray  laser  beam  likely  to  be?  These  are  discussed  fully  in 
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the  various  parts  of  this  report.  Briefly,  they  should  be  intensity,  beam 
diameter,  monochromaticity,  pulse  length  and  coherence.  Monochromaticity, 
for  example,  is  of  great  .portance  to  the  study  of  the  chemical  state  of 
elements.  X-ray  lasers  by  the  very  process  of  lasing  will  yield  extremely 
narrow  lines,  whereas  synchrotron  radiation,  being  continuous,  must  first 
be  monochromatized  by  methods  generally  limited  by  natural  linewidths.  The 
intensity  of  light  from  an  x-ray  laser  will  be  orders  of  magnitude  higher 
than  synchrotron  radiation  when  measured  in  W/cm^-S  at  a single  wavelength 
and  over  a small  area.  However,  for  exposing  fine-grain  media  over  large 
areas  a oroad  spectrum  of  synchrotron  radiation  may  contribute  to  the 
exposure  and  result  in  an  effectively  shorter  exposure  time.  Also,  the 
proposed  use  of  a helical  wiggler  (Kincaid  1976)  may  increase  the  bright- 
ness of  synchrotron  radiation  from  an  electron  storage  ring  by  several 
orders  of  magnitude  at  a single  wavelength.  Also,  the  x-ray  laser  beam 
is  highly  collimated  in  both  planes.  It  is  these  unique  atti-’^-utes  that 
together  have  motivated  this  search  for  applications  of  x-ray  lasers. 

In  Sections  3-14  are  described  the  main  areas  in  which  x-ray  lasers 
may  conceivably  be  useful.  The  order  of  presentation  is  largely  arbitrary 
and  was  dictated  more  by  when  each  topic  was  studied  than  by  any  pre- 
determined arrangement  by  importance.  We  shall  deviate  here  from  that 

plin  to  present  first  those  areas  of  application  where  an  x-ray  laser  will 
be  an  especially  useful  tool. 

In  Electron  Spectroscopy  for  Chemical  Analysis  (ESCA;  Section  6)  the 
kinetic  energy  distribution  of  electrons  generated  near  the  surface  by  an 
incident  flux  of  x-rays  is  studied  to  determine  the  elemental  compositior. 

(and  chemical  state)  of  the  surface  of  a specimen.  The  electrons  may  be 


3 


produced  as  photoelectrons  (conventional  ESCA)  or  as  Auger  electrons,  emitted 
when  holes  are  filled.  The  main  difficulties  with  most  x-ray  sources  in 
current  usage  are  their  lack  of  intensity  and,  for  determining;  chemical 
shifts  less  than  'V'l  eV,  the  minimum  linewidth  ('vl  eV)  of  the  radiation.  The 
lack  of  intensity  leads  to  long  exposure  times  needed  to  acquire  accurate 
info  mil':,  tion . The  linewidth,  limited  by  the  natural  linewidth  for  conven- 
tional x-ray  tubes  and  by  the  monochromator  pass-band  when  S3mchrotron 
radiation  is  used,  sets  a lower  limit  on  the  resolvable  chemical  shifts 
which  in,  say,  some  carbon  compounds  is  a small  fraction  of  an  eV.  An 
x-ray  laser  would  provide  photon  fluxes  orders  of  magnitude  higher  than 
even  the  highest-current  electron  storage  rings.  Even  a single  laser 
pulse  could  with  suitable  detectors  and  data  acquisition  techniques  pro- 
vide a complete  electron  spectrum  (often  requiring  days  of  conventional 
operation).  Linewidths  of  0.1-0.01  eV,  produced  by  gain  narrowing, 
should  lead  to  the  precise  determination  of  core-level  chemical  shifts  in 
molecules  contaj.ning  more  than  one  atom  of  the  same  element  in  slightly 
different  chemical  environments.  Several  examples  of  the  usefulness  of 
such  information  to  catalysis,  metallurgy,  and  the  study  of  organic  com- 
pounds are  given  in  Section  6.5.1.  A further  advantage  of  great  potential 
significance  is  the  possibility  of  exploiting  the  laser  beam's  small 
diameter  in  microprobe  analysis.  Such  Selected  Area  Electron  Spectroscopy 
could  be  applied  to  the  analysis  of  fracture  surfaces  of  high-strength 
alloys  as  two-phase  composite  materials.  A number  of  microprobe  shots 
of  the  specimen  s surface  followed  by  electron  microscope  magnification 
could  yield  information  on  the  surface  distribution  of  elements  and  their 
chemical  state.  But  the  beam's  small  diameter  may  also  be  one  of  its 
drawbacks.  The  high  fluxes  calculated  for  a typical  laser  could  destroy 
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the  sample.  Estimates  of  damage  thresholds  and  some  ways  around  this 
problem  are  given  in  Section  6.2.  Absorption  spectroscopy  requires  tuna- 
bility  so  that  an  absorption  edge  can  be  straddled.  The  high  intensity  of 
the  laser  radiation  makes  the  photon  mixing  scheme  suggested  by  Eisenberger 
and  McCall  (1971)  entirely  feasible.  Tunability  over  energies  of  the  order 
of  eV's  therefore  should  present  no  problem. 

In  summary,  the  features  that  render  an  x-ray  laser  particularly 
attractive  for  ESCA  work  are  the  high  radiation  intensity  and  narrow  line- 
*o„dth.  Coherence  (except  for  the  link  between  coherence  length  and  line- 
width)  and  a high  degree  of  collimation  do  not  appear  to  be  requirements, 
r Because  only  one  core-level  peak  of  any  element  needs  to  be  observed  (no 

significant  further  information  is  obtained  from  deeper  levels)  it  is 
unnecessary  to  employ  photon  energies  exceeding  1 keV  (for  neon  Eg  * 

!■  870  eV).  On  the  other  hand,  for  optimum  analytical  capability,  the  photons 

must  not  be  much  less  energetic.  .A  10  S laser  would  thus  be  adequate. 

High-resolution  lithography  (Section  3)  is  one  of  the  more  promising 
applications.  For  resolution  better  than  1 ym  to  be  obtained  the  contact 
print  must  be  recorded  on  grainless  media  whose  sensitivity  varies  from 
10-1000  mJ/cm^  in  the  5-100  R wavelength  range.  Negative  resists,  in  which 
polymerization  is  induced  by  the  radiation,  have  the  highest  sensitivity 
but  this  is  accompanied  by  a decrease  in  resolution  resulting  from  chain 
reactions.  A lower  limit  on  the  useful  wavelength  is  likely  to  be  set  by 
the  range  of  secondary  or  photo-electrons.  For  the  typical  positive  resist 
PMMA  (polymethyl  methacrylate)  1 keV  photo-electrons  have  a range  of  about 
0.05  ym,  increasing  approximately  as  the  square  of  the  photo-electron 
energy.  The  useful  wavelength  will  then  be  limited  for  sub-micron  work  to 
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A > 5 S.  One  of  lithography's  main  applications  is  the  replication  of 
micro-electronic  components  with  linewidths  down  to  0.1  ym  which  would 
utilize  wavelengths  in  the  5-50  S range.  Examples  of  particular  micro- 
electronic devices  are  discussed  in  Section  3.6.  The  advantages  of  such 
devices  are  essentially  two-fold:  the  closer  tolerances  make  possible 
closer  spacing  of  active  elements  and  the  fabrication  of  more  complex 
circuitry  with  less  material  and  fewer  interconnections^  resulting  in 
increased  reliability  and  lower  cost  per  function;  the  closer  element 
spacing  is  also  of  more  fundamental  significance  in  that  the  reduced 
linewidths  allow  improved  device  performance,  e.g.,  logic  gates  with 
speed  power  products  of  0.01  pj  and  surface  transducers  operating  at 
higher  frequencies  than  hitherto  possible,  extending  into  the  10  GHz 
region  with  0.1  ,ym  linewidths  (above  10  GHz  the  material  properties  limit 
the  performance  of  SAW  devices).  Losses  in  integrated  optics  will,  of 
course,  also  be  less  with  increased  edge  smoothness  (^^0,05  ym)  because  of 
reduced  scattering. 

The  application  of  conventional  sources  has  been  disappointing  primar- 
ily because  the  low  sensitivity  of  the  resist  material  requires  inordi- 
nately long  exposures.  These  range  from  tens  of  minutes  to  as  long  as 
many  hours.  Further,  the  resolution  with  these  sources  is  limited  by 
geometrical  distortion,  a function  of  the  gap  between  the  mask  and  substrate 
(S),  and  by  penumbral  blurring  which  depends  in  addition  on  the  angular 
extension  of  the  source.  Penumbral  blurring  can  be  reduced  by  decreasing 
the  size  of  the  source  or  by  increasing  the  source-mask  separation  (D) . 

Both  cures  lessen  the  effective  flux  on  the  mask:  the  former  because  of 
power  dissipation  limitations,  the  latter  by  the  1/D^  decrease  in  x-ray 
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flux.  Ideally,  then,  one  needs  a beam  of  high  intensity  and  excellent 
collimation.  The  x-ray  laser  would  provide  just  such  a beam,  with  the 
additional  advantage  that  the  wavelength  could  be  tailored  to  the  absorp- 
tion characteristics  of  the  mask  and  resist  materials.  As  a simple  example, 

. -3 

a beam  divergence  of  a mrad  yields  a negligible  geometric  distortion  of  10 

-4 

times  the  mask-substrate  gap  and  a penumbral  blurring  of  10  S/D  for  a ym 
diameter  beam. 

The  short  pulse  emitted  from  an  x-ray  laser  may  have  sufficient 
intensity  to  expose  the  resist  material  in  one  pulse  but  it  will  introduce 
a thermal  spike  in  the  mask  and  substrate.  The  intensity  must  be  controlled 
in  order  to  prevent  materials  damage.  Also  the  small  beam  diameter  must 
be  expanded  to  cover  approximately  a 1 to  10  cm  diameter  area  for  many 
lithography  applications . 

Turning  now  to  metallurgical  applications  (Section  5) , we  must  dis- 
tinquish  between  surface  and  volume  studies.  The  study  of  metal  surfaces 
does  not  require  penetration  and  radiation  in  the  10  S regime  probably 
suffices.  Volume  studies  require  penetration:  for  example,  mm  penetration 
in  copper  requires  a wavelength  of  1 S,  in  platinum  0.5  R radiation  is 
required.  In  surface  studies  a small  diameter  laser  beam  would  be  particu- 
larly useful  in  the  accurate  determination  of  dislocation  cell  structure 
(important  in  studies  on  the  effect  of  wear  on  metal  surfaces)  and  crack 
formation  as  we  have  already  mentioned.  For  small  depth  gauging  of  this 
kind  it  is  often  useful  to  operate  near  an  absorption  edge,  and  monochro- 
maticity becomes  an  asset  in  discriminating  against  fluorescence.  In  this 
respect  the  laser  should  be  preferable  to  a synchrcrron  whose  radiation 
when  monochromatized  inevitably  contains  the  higher  orders . Filtering 
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leads  to  additional  intensity  loss  emphasizing  still  further  the  laser's 
advantage.  Monochromatic  radiation  (at  wavelengths  straddling  an  absorp- 
tion edge)  is  also  useful  for  studying  the  presence  of  voids  by  differ- 
ential absorption,  and  in  quality  control  of  infrared  mirrors  by  comparison 
of  diffraction  line  sihapes . For  these  applications  the  main  requirements 
should  be  intensity,  beam  size,  a..?d  wavelength  (<  1 8.  for  penetration 
studies).  Coherence  and  intensity  become  prime  requisites  for  the  holo- 
graphic determination  of  the  size  and  shape  of  interior  flaws  and  their 
orientation  with  respect  to  other  structures.  Of  course,  the  wavelength 
must  again  be  short  enough  for  penetration. 

Holography  (Section  7)  has  been  widely  mentioned  as  an  application  of 
x-ray  laser  radiation.  We  have  already  referred  to  its  use  in  imaging 
internal  structures  in  metals,  a concept  that  can,  of  course,  be  extended 
to  the  examination  of  biological  (cf..  Section  4)  and  other  materials, 
provided  the  wavelength  be  chosen  to  provide  enough  penetration  and 
sufficient  contrast.  But  the  most  intriguing  promise  of  x-ray  holography 
has  been  the  possible  direct  visualization  in  three  dimensions  of  the 
structure  of  complex  biological  molecules.  This  calls  for  a resolution 
of  the  order  of  Angstroms  and  multiple  exposures  with  alignment  precision 
to  similar  tolerances.  The  most  severe  argument  against  its  feasibility 
is  the  required  radiation  load  on  the  object  molecule  brought  about 
by  the  resolution  requirement  and  the  size  and  separation  of  the 

detector  elements.  This  raises  the  pr,  axes  to  such  high  levels  that 

the  object  under  investigation  will  almost  certainly  be  destroyed.  By- 
passing this  problem  by  the  use  of  spherical  reference  waves  assumes  the 
existence  of  zone  plates  with  Sngstrom  resolution.  But  the  holographic 
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production  of  such  plates  requires  an  Xngstrom-sized  source  which  itself 
might  then  as  well  be  used  to  image  the  object  directly  by  contact  or 
projection  microscopy  (Section  10)  . An  exception  is  phase  objects  wh.'.  ih 
do  not  lend  themselves  readily  to  such  techniques.  In  that  case  the 
imaging  becomes  essentially  phase  contrast  microscopy.  Holography  on 
atomic  dimensions  may,  nevertheless,  be  feasible  v/nen  the  radiation  load  is 
distributed  over  a large  number  of  identical  object  distributions  as  with 
holograms  of  two-dimensional  periodic  structures. 

Microscopy  (Section  10)  should  be  a fruitful  area  of  application. 

In  the  absence  of  refractory  elements  the  basic  techniques  are,  of  course,  . 

contact  and  projection  (pinhole)  radiography.  Several  examples  have  al- 
ready been  mentioned.  The  laser  would  have  advantages  over  other  x-ray 
sources  in  intensity  and  beam  collimation.  High  intensity  allows  short 
exposure  times  so  that  the  movement  of,  say,  a biological  specimen  does 
not  lead  to  image  degradation.  Good  beam  collimation  implies  that  the 
resolution  limit  is  set  by  Fresnel  diffraction  rather  than  by  finite 
source  effects.  The  study  of  biological  specimens  would  probably  require 
wavelengths  of  10  X or  higher  to  achieve  sufficient  contrast.  At  10  X 
the  half-value  layer  is  about  0.5  cm  for  air  and  about  5 ym  for  C.  This 
means  that  the  specimen  can  be  examined  ^ vivo  without  stringent  vacuum 
requirements,  but,  also,  that  the  resolution  is  limited  to  about  0.02  ym,  the 
minimum  Fresnel  fringe  width  for  these  parameters.  Ten  S is  in  any  case 
as  low  as  one  wants  to  go  in  wavelength  because  of  the  increased  range 
of  photo-electrons  ('^'l  ym  at  10  kV)  at  higher  photon  energies.  Realizing 
that  the  resolution  would  be  limited  to  about  0.01  ym  with  the  image 
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magnified  by  electron  microscopy,  we  perceive  that  the  advantages  of  an 
x-ray  laser  beam  over  other  x-ray  sources  are  its  intensity  and  collimation, 
and  over  an  electron  microscope  the  possibility  of  ^ vivo  visualization 
of  structures  the  size  of  fine  detail  in  viruses  which  are  beyond  the  range 
of  optical  Eiicroscopy.  The  greater  penetration  of  x rays  also  means  that 
thicker  specimens  can  be  examined  than  with  an  electron  microscope. 

Chapter  13  on  structure  determination  is  concerned  with  the  prospects 
of  utilizing  x-ray  lasers  in  the  elucidation  of  the  structure  of  two-  and 
three-dimensional  crystals,  and  with  a comparison  with  other  methods.  It 
is  there  pointed  out  that  the  ultimate  structure  determination,  namely 
holographic  imaging  of  biological  molecules,  is  probably  not  feasible  due 
to  the  enormous  radiation  load  on  the  molecule.  This  point  is  also  discussed 
in  Chapter  7,  but  there  the  scattering  inefficiency  and  detector  requirements 
were  emphasized.  A potentially  significant  application  that  emerges  from 
the  discussion  in  this  Chapter  hinges  on  the  small  beam-size  of  an  x-ray 
laser,  for  this  makes  it  possible  to  perform  diffraction  measurements  on 
micron-sized  crystals.  S_ch  a technique  would  have  an  important  impact  on 
biomolecular  crystallography.  It  would,  of  course,  be  much  simpler  to  grow 
micron-sized  crystals  free  from  irregularities  than  it  is  to  grow  the  mm- 
sized  crystals  needed  for  current  practice. 

Medical  radiography  (Section  4)  is  an  interesting  candidate  for  x-ray 
laser  applications.  Discussed  are  differential  absorption  measurements  to 
obtain  the  distribution  of  elements  in  various  organs  (e.g.,  iodine  in  the 
thyroid  gland,  osteoporosity)  , holographic  imaging  for  the  localization  of, 
say,  tumor  masses,  and  rapid  elemental  ana-ysis  of  cells  by  microphotometry 
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and  fluorescence.  Except  for  the  last-named,  these  applications  all  require 
penetration  through  cm  of  tissue,  and  hence  photon  energies  well  in  excess 
of  10  keV. 

In  the  area  of  radio chemistry  (Section  9)  the  main  attributes  of  x-ray 

-15  -12 

laser  radiation  will  be  the  short  pulse  times  (10  - 10  sec)  and  the 

high  intensity.  Short  pulse  times  will  be  useful  for  the  observation  of 
very  short-lived  chemical  species  such  as  higher  excited  states  and  for  the 
measurement  of  rapid  initial  reaction  rate?  where  chemical  species  are 
highly  concentrated.  Rapid  relaxation  processes,  such  as  solvation,  could 
also  be  studied  in  the  sub-picosecond  regime.  Intensity  must  be  high  to 
produce  sufficient  linear  energy  transfer  and  hence  chemical  change.  Rea- 
sonable penetration  through  sample  containers  requires  operating  wavelengths 
shorter  than  1 % (H.V.L.  for  H^O  at  1 X = 1 mm).  It  is  in  principle  possible 
to  dissociate  compounds  with  the  aid  of  x rays.  This  might  be  used,  for 
example,  to  produce  hydrogen  and  oxygen  from  water.  However,  the  expected 
inefficiency  of  x-ray  production  by  a laser  is  such  that  this  does  not 
appear  to  be  economically  worthwhile  for  fuel  production. 

Chapter  14  discusses  x-ray  lasers  as  diagnostic  aids  in  laser-driven 
fusion.  For  certain  pellet  configurations  (high  aspect  ratio  shells)  it 
is  of  crucial  Importance  to  determine  the  stability  of  the  interface  between 
fuel  and  tamper.  If  the  interface  is  unstable  in  low-yield  experiments, 
the  yield  in  the  scaled-up  versions  is  likely  to  be  severely  degraded  due 
to  fuel-tamper  mixing.  To  obtain  sufficient  information  on  this  question 
of  hydrodynamic  stability,  one  needs  x-ray  images  with  ym  spatial  resolution 


and  temporal  resolution  in  the  psec  range.  TViese  requirements  would  be 
readily  satisfied  by  an  x-ray  laser, operating  in  the  1-10  S range  for 
adequate  penetration.  Information  on  the  details  of  energy  absorption  and 
the  compression  history  would  also  be  provided.  Because  the  laser  is  an 
active  probe  one  would  also  not  be  dependent  on  the  state  of  the  target. 

Chapters  8,  10,  and  12  contain  a number  of  further  possible  applica- 
tions none  of  which  by  itself  would  justify  the  building  of  a laser,  but 
which  are  deemed  of  sufficient  interest  for  inclusion.  Inelastic  scat- 
tering of  x-rays  from  metal  surfaces  can  yield  very  accurate  information 
about  the  location  of  Fermi  surfaces.  Synchrotron  radiation  has  been  used 
in  the  8 ?.  region,  but  only  weak  signals  were  obtained.  For  statistically 
more  significant  work  higher  photon  fluxes  such  as  would  be  provided  by 
an  x-ray  laser  are  required  in  the  1-10  R regime.  The  possibility  of 
producing  heavy  ions  in  high  charge  states  at  low  temperature  could  have 
an  important  impact  on  the  quality  of  ion  beams.  Often  such  ions  are 
produced  in  Saha  equilibria  at  high  temperatures  with  significant  trans- 
verse velocities  which  limit  the  achievable  beam  quality.  The  production 
of  ions  with  small  transverse  velocites  (cold  ions)  should  yield  beams  of 
greatly  reduced  divergence,  an  important  factor  for  long  distance  propaga 
tion. 

It  is  clear  that  x-ray  lasers  would  be  useful  in  a variety  of  disci- 
plines. There  are  a number  of  disadvantages,  however.  These  vary  with 
the  application.  If  we  assume  that  a 1-10  TW  laser  is  required  for  a 
pump,  the  resulting  installation  is  not  only  going  to  be  expensive  ($10  - 
ir^)  but  also  exceedingly  bulky.  It  is,  therefore,  unlikely  that  the  laser 
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will  have  economic  applications  in  industry  in  the  near  term.  Rather,  as 
t for  the  synchrotron,  the  installation  should  be  set  up  for  use  by  many 

groups.  Even  then,  most  applications  would  probably  be  in  the  fundamental 
research  progr  j'  l areas  rather  than  applied  technology  such  as  x-ray 
* lithography  for  microcircuit  fabrication.  The  bulkiness  of  the  device 

precludes  its  use  in  the  field,  a significant  restriction  for  some 
metallurgical  uses.  The  intensity,  as  we  have  seen,  may  be  undesirably 
high  if  the  beam’s  small  diameter  is  to  be  fully  exploited.  Techniques 
for  overcoming  u lis  problem,  perhaps  with  beam  splitters,  need  further 
study.  Also,  the  pulse  repetition  rate,  set  by  that  of  the  pump,  may  be 
undesiraoly  low  resulting  in  a lower  time-integrated  flux  than  can  be 
obtained  from  a synchrotron,  say. 

It  does  not  appear  that  x-ray  laser  radiation  will  have  special 
advantages  over  synchrotron  radiation  in  the  study  by  x-ray  diffraction 
of  crystals  down  to  sizes  ot  the  order  of  0.1  mm.  To  cover  the  sample 
the  laser  beam  must  be  allowed  to  expand  from  a 1 ym  initial  diameter  to 
0.1  mm.  The  intensity  loss  of  four  orders  of  magnitude  reduces  the  beam 
intensity  to  that  obtainable  from  some  of  the  more  energetic  storage  rings. 
Coherence  may  also  not  be  an  important  advantage  as  phase  information  can 
be  obtained,  at  least  in  principle,  by  the  three-wavelength  procedure 
discussed  by  Herzenberg  and  Lau  (1967).  The  short  pulse  time,  however, 
may  be  important  in  studying  crystal  imperfections  because  of  the  freezing 
of  lattice  vibrations.  For  diffraction  studies  on  microscopic  crystals 
the  ym  diameter  beam  of  a laser  and  the  great  intensity  could  be  advan- 
tages. Potential  problems  are  mounting  the  specimen  and  the  ability  of 
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the  .;tructure  to  withstand  the  radiation  load.  On  the  latter  point,  the 
surprisingly  high  radiation  tolerance  of  some  organic  crystals  to  mono- 
chromatized  synchrotron  radiation  is  encouraging.  These  matters  will  be 
considered  in  greater  detail  in  a subsequent  report. 

The  main  advantages  and  requirements  of  x-ray  lasers  for  the  appli- 
cations here  discussed  are  summarized  in  Table  1.  The  plus  signs  signify 
the  relative  importance  of  a given  parameter  (wavelength,  intensity,  etc.) 
for  the  particular  application.  The  comments  in  the  last  column  are 
meant  to  indicate  whether  alternative  sources  exist  that  can  do  the  job 
as  well  as  a laser  tailored  to  the  task.  Features  that  are  not  unique 
to  the  laser,  but  that  may  be  advantageous  for  a given  application,  have 
not  been  included  in  the  Table.  These  can  usually  be  provided  by  devices 
external  to  the  laser.  An  example  is  tunability  which  is  clearly  desirable 
for  ESCA,  metallurgy,  microscopy,  etc.  It  can  readily  be  achieved  by  photon 
mixing. 
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Table  1.  Survey  of  Applications 
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1. 


INTRODUCTION 


In  a study  on  the  applications  of  x-ray  lasers  it  seems  natural  to 
discuss  some  of  the  concepts  that  have  been  proposed  for  the  actual  con- 
struction of  such  devices.  Before  one  can  reasonably  assess  possible 
areas  of  application,  it  is  useful  to  have  some  idea  of  plausible 
parameters  such  as  beam  size,  degree  of  collimatlon,  intensity,  wavelength, 
etc.,  for  eventual  x-ray  lasers.  Many  schemes  have  been  proposed.  Some 
are  more  realistic  than  others,  and  we  will  confine  ourselves  in  this  brief 
survey  to  the  more  extensively  analyzed  ones.  We  will  avail  ourselves 
freely  of  the  extensive  review  recently  prepared  by  Waynant  and  Elton  (1975) 
and  the  references  given  therein. 

1 . 1 Pumping  Requirements 

A rough  idea  of  the  magnitude  of  the  difficulties  facing  a builder  of 
x-ray  lasers  is  already  gained  by  calculating  the  pump  power  requirements 
for  producing  an  invert  d population  between  two  core  electronic  states 
(Schawlow  and  Townes  1958).  This  is  readily  obtained  from  the  rate 
equations  for  an  atom  which  spontaneously  emits  photons  into  a particular 
mode  (A)  at  a rate  R.  If  N„  is  the  occupation  number  of  the  atom  n in 

Z , ll 

its  excited  state  (2)  and  N^  the  corresponding  occupation  number  of  the 
lower  state  (1),  the  rate  of  change  of  the  photon  population  n due  to 
spontaneous  and  stimulated  emission  and  stimulated  absorption  is  just 

N N 

k=l  k=l 

where  -an  is  the  loss  rate  due  to  scattering  processes,  etc.,  and  the 
summation  is  over  all  atoms.  Usually  we  may  neglect  the  rate  of  spontan- 
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eously  emitted  photons  because  n is  large,  and  if  we  also  assume  that  R 
does  not  depend  on  k,  laser  action  takes  place  for  dn/ dt  > 0 or 


f 


♦ 


RAN  > a . 


(2) 


To  calculate  R let  the  radiative  lifetime  of  an  atom  be  T so  that  T 
photons  are  emitted  spontaneously  per  second  per  atom.  We  are  interested 
in  photons  emitted  into  a particular  mode  in  a frequency  interval  Av  so  that 
we  must  divide  by  the  number  of  modes  there  are  in  Av,  the  spontaneous 

3 

line  width  of  the  atom.  There  is  a discrete  mode  in  each  h volume  of  phase 
space  so  that  the  number  of  modes  required  is  given  by 


dp  dq  Att 


(3) 


where  V is  the  volume  containing  the  photons.  The  number  of  photons  radiating 
into  Av  in  one  mode  is  therefore 


- 2 • 

4tttVv  Av 

More  accurately, there  is  a factor  of  order  unity  multiplying  Equation  (3) 
whose  value  depends  on  the  line  shape.  From  Equation  (2)  the  laser  condi- 
tion becomes 

g = . (5) 

Atttv  Av 


♦ 
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so  that  if  we 


-1 


The  left  hand  side  is  essentially  c times  the  gain  cm 
take  100  small  gain  lengths  for  reasonable  operation,  the  required 
inversion  density  for  a length  I of  the  lasing  column  is 


+ AtttAv 

N*  > 100  — 5 — 

XI 


(6) 


An 


estimate  for  T follows  from  Larmor's  expression  for  the  average  power 


P radiated  by  a dipole  oscillating  at  frequency  u: 
li 


1 2 4 . 

„ 1 e (jJ  \ \^ 

3 — 1*1 


(7) 


with  X the  displacement.  This  is  balanced  by  the  rate  at  which  the  energy 
of  the  harmonic  oscillator  changes.  Thus 


2 4 


1 ± U|2  = _l  euj 


2 mu)  ^ IX 


3 c" 


(8) 


corresponding  to  a decay  rate 


Y = - 


1 d_ 

, 2 dt 


1 2 ^’^O  2 


X 


3c 


0) 


(9) 


where 


r = e^/mc^  = 2.8  x 10~^^  cm  is  the  classical  electron  radius.  In 


terms  of  the  wavelength  X this  yields  in  convenient  units 


9 -IS  ® 2 

T = I = 10  [X(A)]^  . 


(10) 
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This  expression  is  only  approximately  valid  to  the  extent  that  there  are 
oscillations  in  a growth  period.  This  means  y « w which  corresponds  to 
assuming  that  the  wavelength  of  the  radiation  is  much  larger  than  r^.  W 
note  from  Equations  (6)  and  (10)  that  the  wavelength  dependence  cancels 
(except  through  its  presence  in  Av)  and  the  gain  condition  becomes  (cf., 
Duguay  1973,  Chapline  and  Wood  1975) 

> Av  -3  Ml) 

N ~ — 10  cm 

with  Av  in  eV  and  I in  cm.  We  have  denoted  by  N*  the  net  population 

inversion  density  (AN/V);  if  the  levels  1 and  2 have  statistical  weights  g^^ 

and  this  is  modified  to  N*V  = N2  - The  minimum  linewidth 

Av  depends  on  the  temperature  and  density  of  the  lasing  medium.  For 

instance,  in  cold  matter  Av  is  governed  mainly  by  Auger  auto-ionization, 

while  at  high  density  and  temperature  Stark  broadening  may  dominate  while 

at  low  density  Doppler  broadening  sets  the  lower  limit  (Griem  1964,  1974). 

It  is  now  possible  to  assess  the  difficulties  that  must  be  overcome 

before  x-ray  lasing  can  be  achieved.  A serious  handicap  is  the  absence  of 

efficient  reflectors  at  x-ray  wavelengths  which  means  that  the  needed 

amplification  must  occur  in  one  pass  through  the  medium  and  one  must  rely 

on  superradiance  (Dicke  1954,  1964),  or  amplified  spontaneous  emission 

-15  2 

(Allen  and  Peters  1970,  1971).  Due  to  the  short  lifetime  (10  A^) 

the  pumping  power  is  exceedingly  high;  a 12  keV  (iS)  transition  requires  a 

pumping  power  of  (1.2  x loS(1.6  x 10"^^/10'^^  ==  2 W/atom.  For  gain  the 

18  “3 

inversion  density  must  be  of  the  order  of  10  cm  for  a typical  Av  - 1 


eV 
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(Auger  width)  in  cold  matter.  In  the  travelling  wave  scheme  in  which  the 
laser  amplifies  its  own  spontaneous  emission  (Shipman  1967,  Chapline  and 
Wood  1975)  the  pump  power  requirement  is  given  as 


P = hvN*  — ’ 
pump  £ 


(12) 


which  is  just  the  requirement  that  the  total  energy  requirement  hvN*V  be 
supplied  in  the  time  £/c  with  a pumping  efficiency  £.  In  the  diffraction 

u _3 

limit  d = (A5-)^  this  corresponds  to  P - IGW  with  Av  = 1 eV  and  e = 10 

^ pump 

For  2,  = 1 cm  this  would  yield  a 1 dm  x-ray  beam  at  1 S with  a divergence 
measured  in  fractions  of  a mrad.  Because  of  matching  and  focusing 
inefficiencies  one  obtains  the  more  realistic  figure  of  1 TW  for  pumping  a 
10  X laser.  Photo-electric  absorption,  of  course,  sets  a further  constraint 
on  the  maximum  gain  and  amplifying  length  achievable  in  practice. 

1.2  Lasing  Schemes 

Duguay  (1973)  considers  direct  pumping  with  x-rays  harder  than  the  K- 

shell  ionization  energy  of  copper  (9  keV),  relying  on  inversion  due  to  the 

different  cross-sections  for  creating  K-shell  and  L-shell  vacancies  (Duguay 

and  Rentzepis  1967,  Stankevich  1970).  Comparison  with  the  much  smaller 

photoionization  cross-section  leads  to  a power  flux  requirement  for  copper 
17  2 

of  10  W/cm  which  can  just  be  reached  with  present-day  terawatt  lasers 
(10  J in  10  psec)  focused  down  to  a 30  ym  spot.  This  estimate  does  not 
allow  for  conversion  inefficiencies  in  the  conversion  of  infrared  to  x 
radiation  (Malozzi  et  al.  1973). 

To  suppress  Auger  autoionization  it  has  been  proposed  to  utilize  the 
longer  lifetimes  of  metastable  states  of  low-Z  materials  such  as  lithium 
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in  a two-step  process  (Drake  et  al.  1969,  Mahr  and  Roeder  1974,  Vekhov 
et  al.  1975).  Typically,  a high-intensity  laser  produces  a plasma  whose  x- 
radiation  preferentially  photoionizes  a K-shell  electron  producing  highly- 
excited  atoms  in  the  Is  2s  state  but  which  is  not  sufficiently  energetic 
to  undergo  Auger  autoionization.  Since  the  effective  metastability  time  of 
the  ion  in  the  lasing  medium  can  be  much  longer  than  the  Auger  lifetime, 
reduced  pumping  powers  become  feasible.  The  required  inversion  density 
only  achieves  acceptable  levels  in  the  absence  of  depleting  processes 
such  as  collisional  de-excitation.  Since  these  are  bound  to  occur,  gain  is 
inevitably  reduced  and  one  must  remain  skeptical  about  metastable  lasing. 
Another  scheme  (Wood  et  al.  1973,  1974)  depends  on  rapid  adiabatic  decom- 
pression and  cooling  of  a laser-heated  fiber  to  produce  an  inversion  by 
collisional  recombination.  Collisional  recombination  is  expected  to  domi- 
nate over  radiative  recombination  leading  to  preferential  population  of  the 
higher  states.  A full  computer  calculation  must  verify  this  scheme.  This 
also  applies  to  other  proposed  methods  for  which  the  calculations  have 
often  ignored  such  physical  processes  as  hydrodynamics,  pump  coupling, 
possible  excitation  of  instabilities,  radiative  recombination,  etc. 

Several  other  schemes  for  producing  population  inversion  have  been 
cited  in  the  literature.  Examples  are  electron  collisional  excitation  of 
rare  gas  excimers  (Rhodes  1974,  Lorents  1974),  ion  lasers  by  electron 
collisions  (Elton  1975,  Andrews  1975),  atom-ion  resonance  charge  transfer 
(Louisell  et  al.  1975,  Scully  et  al.  1973,  Vinogradov  and  Sobelman  1973), 
free-electron  lasers  (Pantell  et  al.  1968,  Madey  1971,  Madey  et  al.  1973), 
etc.  Many  of  these  schemes  can  only  be  expected  to  penetrate  into  the  VUV 
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region,  while  others  remain  speculative  due  to  inadequate  computer  modeling. 
This  applies  also  to  the  free-electron  laser  in  which  lasing  is  expected 
from  the  stimulated  emission  by  transitions  between  electron  continuum 


states,  a process  closely  related  to  traveling-wave  amplifiers  (Motz  and 
Nalsurnura  1960),  and  the  backscattered  Compton  photons  from  relativisitc 
electron  beams  which  as  polarized  monochromatic  x-rays  have  found  research 
applications  (Sinclair  et  al.  1969).  Unfortunately,  the  gain  for  these 
processes  is  a strong  function  of  the  wavelength  of  the  emitted  wavelength 
and  it  appears  doubtful  that  intense  x-ray  sources  can  be  produced  by  this 
approach  (cf.,  Kroll  1975).  More  particularly,  the  increase  in  the  fre- 
quency of  the  incident  light  is  due  to  the  energy  of  the  electrons  in  the 
beam.  For  a collinear  collision  with  the  incident  laser  beam  directed 
oppositely  to  the  electron  beam,  the  frequency  of  the  scattered  photons  (^2 
is  related  to  the  frequency  of  the  incident  photons  and  the  energy  of 
the  electrons  E by 

2 ^ 2 

^2  ~ (E/mc  ) = 16  03^  [E(MeV)] 

The  effective  gain,  a,  for  the  scattered  radiation  has  been  expressed  by 
Pantell  et  al.  (1968)  in  terms  of  the  photon  density,  n^,  the  electron 
density  of  the  beam,  n^,  and  the  width  of  the  energy  scatter  of  the  beam 
electrons.  They  find 

•^--0.7  4 (f)  . 
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where  r is  rhe  cleseicel  electron  radius  e^/mc^  As  an  . , 

e /me  . As  an  example,  take  (cf. 

Molchanov  1972)  tiaj  = 1.17  eV  and  n^  = 2 x 10^2  -3  . 

^ f 0 cm  for  a neodynium  glass 

laser  a.ud  for  the  electrons  E - 2 MeV.  E/A  - 10^  end  n^  . 2 x iqI^ 

corresponding  to  a heat,  current  density  of  about  10=  A/'ct.^  These  values 

yield  a gain  of  2.2  crn'l  at  a uavelength  of  -1170  1 These  and  other 

t obtaining  x-ray  lasing  action  have  been  treated  and  documented 
in  full  by  Waynant  and  Elton  (1976). 

1.3  Parametric  Up-Convpr.^-tnn 

A technique  which  should  be  mentioned  here  that  has  produced  coherent 
Short  wavelength  radiation  is  that  of  up-converting  signals  from  infrared 
or  Visible  sources  by  exploiting  nonlinearities  in  crystals  or  phase 
etching  In  metal  vapors  (Harris  and  Miles  1971,  1973).  for  sufficiently 
strong  driving  fields  the  dielectric  conscint  and  hence  the  polarisation 
Of  many  media  becomes  a function  of  the  field  strength.  Since  metal  vapors 
have  inversion  symmetry,  it  is  clear  that  the  polarization  can  only  be  an 
Odd  function  of  the  field  so  that  only  odd  harmonics  are  produced.  Since 
Che  conversion  efficiency  in  such  parametric  processes  is  a function  of  the 
driving  intensity  (Bloom  et  al.  1973),  it  must  be  expected  that  one  cannot 
penetrate  very  far  into  the  x-ray  wavelength  region  by  this  procedure, 
although  tripling  efficiencies  approaching  40  percent  can  be  achieved.  In 
Che  region  of  900  S,  about  the  shortest  wavelength  obtained  by  these  means 
until  recently,  the  efficiency  is  down  to  about  10-^  Schemes  reaching 

down  into  the  soft  x-ray  regime  have  been  proposed  by  Harris  (1973)  with 
an  efficiency  of  lo"^  to  177  £. 
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High-order  nonlinear  susceptibilities  in  noble  gases  have  been  exploited 
recently  by  groups  at  the  Imperial  College  (London)  and  the  Naval  Research 
Laboratory  in  this  country  to  yield  steadily  shorter  wavelengths.  Hutchinson 
et  al . (1976)  reported  generation  of  coherent  radiation  at  570  S.  They  used 
argon  to  triple  the  frequency  of  radiation  obtained  from  a xenon  excimer 
laser,  which  at  1710  S is  already  in  the  vacuum-uv.  This  frequency  is  still 
low  enough  so  that  fluoride  lenses  can  be  employed  to  raise  the  intensity  of 
the  driving  laser  to  the  level  needed  to  exploit  the  third-order  nonlinearity. 

At  NRL  (Reintjes  et  al . 1976)  the  nonlinear  properties  of  noble  gases 
also  utilized  to  produce  coherent  short-wavelength  radiation.  Their 
primary  radiation  was  obtained  by  frequency  doubling  the  1.06  ym  radiation  of 
a Nd;YAG  laser  twice  by  conventional  means  with  potassium  dihydrogen  phosphate 
and  potassium  dideuterium  phosphate.  The  resulting  radiation  at  2661  S pro- 
duced with  about  50%  efficiency  was  of  sufficient  intensity  to  produce  measur- 
able quantities  of  radiation  at  the  fifth  harmonic  in  neon,  argon,  and 
helium.  The  conversion  efficiency  to  this  532  S radiation  was  increased 
over  earlier  results  by  an  order  of  magnitude  to  the  10  ^ - 10  ^ range.  In 
the  experiments  with  helium  at  a pressure  of  60  torr,  seventh-order  conversion 
was  also  recorded  (Reintjes  et  al.  1976).  While  this  380  S radiation  appears 
to  be  the  shortest  wavelength  reported  so  far,  it  is  expected  that  the  use 
of  higher  driving  intensities  and  operating  pressures,  coupled  with  more 
sensitive  detectors  will  reduce  this  further.  The  conversion  efficiency 
increases  with  gas  pressure,  but  a limit  will  ultimately  be  set  by  electrical 
breakdown  of  the  gas.  This  phenomenon  has  already  been  observed  with  neon 
at  60  torr.  Beam  intensities  are  thus  likely  to  remain  relatively  low. 
Nevertheless,  since  the  beam  quality  and  coherence  of  the  driving  beam  are 
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maintained,  radiation  in  the  extreme  vacuum-uv  and  soft  x-ray  regimes 
obtained  by  these  methods  can  provide  early  testing  of  some  applications  now 
thought  of  in  connection  with  x-ray  laser  beams,  such  as  holography  and  x-ray 

microscopy.  Tunability  can  be  obtained  with  photon  mi.xing  (Eisenberger  and 
McCall  1971). 

An  early  example  of  a vacuum  ultraviolet  hologram  is  that  described  by 
Bjorklund  et  al.  (1974)  which  shows  features  on  the  order  of  800  X.  A 
difficulty  which  will  remain  with  these  non-lasing  schemes  is,  however,  the 
lack  of  intensity.  This  implies  long  exposure  times  of  photoresist 
materials  and  only  shallow  modulation.  Thus,  any  zone  plates  manufactured 
with  these  beams  will  only  pro’/ide  moderate  image  contrast.  A further 
disadvantage  is  the  large  diameter  of  the  emerging  beam  which  precludes 
its  use  as  a scanning  microscope.  Since  the  driving  pulse  sets  the  pulse 
width  of  the  emerging  beam,  applications  involving  sub-pico  second  times 
which  have  been  mentioned  in  connection  with  x-ray  lasers  are  also  excluded. 
Some  typical  output  data  that  have  been  achieved  in  VTJV  holography 
experiments  have  been  given  by  Bjorklund  (1974).  These  experiments  were 
carried  out  at  the  ninth  harmonic  of  the  1.06  ym  Nd:YAG  laser  line  or  at 
1182  S with  pulses  of  12  psec  duration  and  an  estimated  coherence  length 
of^O.4  cm.  The  available  energy  per  pulse  was  about  0.3  yj  corresponding 
to  1.5  yW  average  power  at  a repetition  rate  of  5/sec.  The  recording 
medium  was  polymethyl  methacrylate  (PMMA)  used  extensively  in  electron  beam 
lithography  (Herzog  et  al.  1972)  and  as  a positive  resist  material  to  x-ray 
radiation  (Spears  and  Smith  19/2).  Coated  layers  of  PMMA  1400  S thick  on 
quartz  flats  were  then  exposed  to  the  interference  pattern  produced  by  the 
incident  VUV  beam  and  its  reflection  off  a front  surface  mirror  (Al  + MgF2 
coating) . Typical  exposure  times  needed  to  modulate  the  PMMA  were  on  the 
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order  of  1000  sec  involving  superposition  of  fringe  patterns  produced  by 
5000  pulses.  The  minimum  energy  flux  has  been  found  to  be  0.1  yJ/cm  to 
obtain  a fringe  spacing  of  836  S with  only  moderate  aspect  ratio.  Similar 
experiments  were  carried  out  for  recording  Fraunhofer  holograms  of  ym- 
sized  spheres  viewed  with  an  electron  microscope  but  image  contrast  remained 
poor.  The  use  of  the  high-power  lasers  (1-100  TW)  now  being  designed  for 
laser  fusion  work  should  yield  greater  output,  resulting  in  reduced  exposure 
times  and  improved  image  contrast,  however,  rendering  this  approach  to 
coherent  x-radiation  extremely  useful  for  testing  some  future  applications 
of  x-ray  lasers. 

1.4  X-Ray  Laser  Parameters 

For  the  purpose  of  studying  applications  it  is  useful  to  have  some  guide 
as  to  the  likely  parameters  of  a future  x-ray  laser.  In  the  near  future 
pumping  powers  of  short-pulsed  lasers  will  probably  be  limited  to  the  TW 
regime,  i.e.,  1 J in  1 psec  or  10  J in  10  psec.  In  the  interesting  wavelength 
range  of  10-1  S the  mode  of  operation  will  be  that  of  amplified  spontaneous 
emission  with  pulse  lengths  ranging  from  10  - 10  sec  (Duguay  1973). 

The  active  medium  will  be  less  than  a cm  in  length  and  of  the  order  of  a ym 
in  diameter,  corresponding  to  a beam  divergence  measured  in  fractions  of  a 
mrad.  The  spatial  coherence  will  be  limited  to  a few  thousand  wavelengths 
at  best  while  the  temporal  coherence  will  be  set  by  the  amount  of  gain 
narrowing  that  occurs.  The  line  width  may , however,  be  expected  to  be  narrower 
than  most  conventional  sources  which  normally  have  AA/A  ==  10~^;  the  line 
width  of  the  A1  line  at  8.3  S,  for  instance  has  a line  width  of  0.9  eV 
(Siegbahn  1972).  The  lasing  medium  in  many  suggested  schemes  will  be  a 
highly  ionized,  medium-Z  plasma. 
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2. 


ALTERNATIVE  SOURCES  OF  X RADIATION 


For  certain  applications  intensity  and/or  line  width  are  important 
considerations,  for  others  the  combination  of  beam  diameter  and  intensity 
is  paramount.  For  any  of  these  applications  sources  other  than  x-ray 
laser  may  be  suitable.  We  will  therefore  review  briefly  the  parameter 
ranges  covered  by  such  alternative  sources  as  x-ray  tubes,  electron  storage 
rings,  and  laser-driven  plasmas. 

2.1  Conventional  Sources 

The  conventional  source  of  x-rays  is  a point  source  created  by  elec- 
tros. bombardment  of  a target.  A typical  target  for  high  power  applications 

is  a rotating  aluminum  target  capable  of  dissipating  10  kW  over  a target 

2 2 
area  of  about  0.1  cm  . This  produces  0.11  W/sr  or  a flux  of  70  yW/CM  at 

a 40  cm  distance  at  the  A1  wavelength  of  8.3  X.  Shorter  wavelengths 

are  produced  by  copper  (K^  = 1.54  X)  and  molybdenum  (K^  = 0.71  X)  targets 
2 

with  a 0.1  cm  target  area,  accelerating  voltage  50  kV,  and  electron 

beam  current  of  20  m A.  These  yield  monoenergetic  photon  fluxes  at  the 

10  2 2 2 
specimen  of  10  photons/cm  sec  or  13  liW/cm  at  1.54  X and  28  uW/cm  at 

0.71  X.  Typical  line  widths  of  these  sources  AA/A  are  in  the  range  of 

-4  -5 

10  - 10  . More  specifically,  the  inherent  width  of  A1  line  is 

approximately  0.9  eV  which  corresponds  to  AA/A  - 6 x 10  Linewidth  is 
of  crucial  importance  in  photoelectron  spectroscopy  where  it  is  frequently 
desirable  to  measure  chemical  shifts  to  a fraction  of  an  eV  [Siegbahn 
(1967,  1972)].  More  detailed  information  of  conventional  x-ray  and  XUV 
sources  is  given  by  Carton  (1959,  1966),  Samson  (1967),  and  Balloffet 
et  al.  (1961).  For  a brief  discussion  of  fine-focus  x-ray  tubes  see 
Section  10.2.2. 
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2.2  Synchrotron  Radiation 


Synchrotrons  have  long  been  a useful  tool  for  nuclear  physicists 
in  the  study  of  the  interaction  between  high  energy  electrons  (or  protons) 
and  matter  and  as  sources  of  y rays  in  photonuclear  studies.  As  the 
particles  go  along  their  circular  orbits  the  centripetal  acceleration 
causes  them  to  lose  energy  in  the  form  of  radiation  at  a rate  set  by  the 
Lorentz  invariant  relativistic  generalization  of  Larmor's  result  for 
an  accelerated  charge 


P 


2 e^  \ \ 

3 2 3 dT  dx 
m c 


(1) 


where  m is  the  mass  of  the  charge  e,  x = t/y  is  the  proper  time,  and 
p^  is  the  momentum-energy  four-vector.  For  a rotational  frequency  O) 

in  a circular  accelerator,  this  leads  to  the  result  obtained  by  Lienard 
(1898) 


since  (x)  = v/R  with  R the  orbit  radius,  8 = v/c  , and  y = E/m  c^  in  terms 

o 

of  the  particle  energy  E and  its  rest  mass  m^.  Clearly,  electrons  radiate 
far  more  effectively  than  protons.  The  energy  loss  per  revolution  per 
particle  is  just  P x (27TR/v)  or  in  convenient  units 


E (keV/rev)  = 88 . 5 [E(Gev) ] ^/R(m)  . (3) 

For  a typical  installation  (NINA,  GB)  the  electron  energy  E = 4 GeV  and 
R=  20.  77  m so  that 

AE  =:  1 Mev/rev  . //,\ 
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The  upper  limit  on  the  particle  energy  is  set  by  the  radiofrequency 
powe^  which  can  make  up  for  this  radiative  loss.  This  restricts 
operation  to  the  5-15  GeV  range. 

As  a consequence  of  the  relativistic  motion  of  the  charged  particle, 
its  radiation  pattern  changes  from  the  sine-squared  angular  distribution 
of  radiation  from  an  accelerating  dipole  to  one  that  is  confined  to  a 
narrow  cone  around  the  forward  direction  oi  the  motion.  From  tae  calcu- 
lations of  Schwinger  (1946,  1949),  the  halfwidth  of  the  angular  distri- 
buiton  at  half  intensity  is  approximately  given  by 

0^  ^ m c^/E  = 1/Y  (5) 

1/2  o 

for  wavelengths  near  the  peak  of  the  intensity  versus  wavelength  curve. 

-4 

For  E = 4 GeV,  this  yields  for  an  electron  synchrotron  02./2  ~ rad. 

Because  the  radiation  is  so  narrowly  confined  to  the  forward  direction 
an  observer  receives  a pulse  of  radiation  whenever  the  tangent  to  the 
orbit  sweeps  past  at  a rate 

v'  ^ Yc/R  . (6) 

Because  the  emitting  particle  is  moving  towards  the  observer  at 

relativistic  speed,  the  actual  frequency  seen  by  the  observer  is  Doppler 

2 

shifted  by  l/(l-B)'^Y  • Consequently,  the  frequency  detected  by  the 
observer  is 

V Y^  c/R  . (7) 
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Due  to  irregularities  in  the  electron  orbital  veJocity  and  betatron 

oscillations,  the  actual  spectrum  is  a continuum  with  Eq.  (7)  giviog 

the  cut-off  frequency.  For  E = 4 GeV(Y'^  I'JOO)  and  R=  20.77  m. 

18  “1 

V'\j7x10  sec  corresponding  to  a wavelength  of  about  0.4  1.  A 
mo^e  detailed  calculation  by  Tomboulian  and  Hartman  (1956)  yields  for 
the  critical  wavelength 


A (A°)  = l,59R_(ml 
^ [E(GeV)]^ 


(8) 


or  1.8  S for  NINA  at  4 GeV. 

Unfortunately,  in  practice  the  narrow  collimation  of  the  radiation 
in  the  plane  of  the  synchrotron  orbit  is  lost  as  the  particles  orbit, 
though  the  strong  angular  dependence  of  the  radiation  above  and  below 
this  plane  remains.  The  detailed  expressions  for  the  instantaneous 
power  radiated  per  sec  per  radian  per  unit  wavelength  have  been  obt'-ined 
by  Tomboulian  and  Harman  (1956).  For  our  purposes  it  is  sufficient 
to  list  the  expression  for  the  total  power  radiated  into  all  angles  at 
a given  wavelength  A as 

P(A)(W/R)  » 7.5x10'^  M-GeV).]  ^ 

[R(m)]^ 


where  (y  = A /A) 
c 

00 

G(y)  = y^  / (10) 

y 

is  plotted  in  Codling  (1973,  p.  549).  The  maximum  value  of  G is  about 
unity,  occuring  near  A = A . 
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Thus  we  can  calculate  the  approximate  output  of  a typical  synchrotron 
such  as  NINA  (E  = 4 GeV,  R = 20.77  m).  The  expressions  given  until  now 
are  for  single  electrons  and  to  yield  the  total  radiation  power  they  must 
be  multiplied  by  the  number  of  accelerated  particles  (N)  given  by  the 
average  circulating  current  (I),  For  NINA,  I = 20  raA  and 

Q 

1 X 1 

N = ^ - I(mA)R(m)  , (U) 

where  n is  the  duty  cycle  which  ranges  from  as  low  as  0.1  at  short 
wavelengths  up  to  about  0.5  in  the  100  X regime  (Codling  1973). 

For  n = 1/2  we  obtain  for  NINA  that  N 10^^  electrons. 

2.2.1  Synchrotron  Flux  at  100  R and  1 % 

Let  us  calculate  some  typical  outputs  for  NINA  at  100  X and  1 S. 

From  Table  2.1  the  performance  of  other  operational  mecbines  can  be 
similarly  calculated.  Equations  (9)  and  (10)  (G  lO”^)  yield  for 
N = 10^^  and  n = 1/2  so  that  the  power  emitted  per  ^ at  100  S is  0.7  W/S  corre- 
sponding to  3.5  xiO^^  photons  emitted  per  second  per  S at  100  X wavelength. 

The  usable  flux  is  much  less  than  this  because  it  is  emitted  around  the 
entire  orbit  and  the  radiation  at  100  S must  be  separated  from  the  rest 
of  the  spectrum.  Also  safety  considerations  restrict  proximity  to  the  tan- 
gent point  on  the  orbit  to  distances  (D)  of  tens  of  meters.  Ignoring  mono- 
chromator efficiency  for  the  moment  (see  Section  2.4),  we  suppose  that  the 
beam  is  transversely  collimated  by  a slit  of  width  t at  a distance  D from  the 
radiating  volume.  The  fraction  of  radiation  passing  through  the  slit  is  then 
t/2TTD.  For  t = 2 cm  and  D = 30  m this  implies  a loss  factor  of  10  Vertical 
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Table  2.1.  Important  parameters  for  some  electron  storage  rings  and 
synchrotrons  used  .i-  x— ray  sources. 


Accelerator 

Energy 

(GeV) 

Radius 

(m) 

X 

c 

(S) 

Average  Current 

(mA) 

Synchrotrons 

DESY 

(Hamburg) 

7.5 

31.7 

0.4 

45 

(Bonn) 

2.3 

7.7 

3.5 

27.5 

Yerevan 

(USSR) 

6.1 

26 

0.6 

22 

NINA 

(Daresbury) 

4.0^ 

20.77 

1.8 

20 

Storage  Rings 

SPEAR 

(Palo  Alto) 

3.0 

13 

2.7 

30 

TANTALUS  I 

(Stoughton) 

0.24 

0.65 

263 

40 

SURF  II 

(Washing'  n,  D.C.) 

0.24 

0.8 

344 

'^^50 

maximum  energy  now  5 GeV 


collimation  leads  to  a much  smaller  loss  because  of  the  narrow  emittance 
angle.  For  instance,  at  100  X about  1/2  of  the  radiation  falls  within 
a vertical  angle  of  0.7  mrad.  Therefore,  at  30  m the  radiation  flux  passing 
through  a 2 cm  X 2 cm  slit  is  about  2 x 10^^  photons/sec  S or  40  yW/S. 

The  further  loss  introduced  by  the  monochomator  depends  on  wavelength  and 
design.  At  1 X a similar  calculation  yields  a total  photon  flux  of 
approximately  (n  = 0.1)  4x10^^  photons/sec  S or  8 kW/X.  The  various 
losses  reduce  this  to  800  mW/X  for  the  above  configuration.  Actually, 
the  vertical  radiation  half-angle  is  now  0.1  mrad  so  that  most  of  the 
radiation  in  the  vertical  plane  will  be  intercepted  by  a slit  of  height 
0.6  cm.  The  power  flux  density  at  the  slit  is  then  600m  W/cm^  S. 

For  a line  width  of  1 eV  which  is  achievable  with  line  sources  and  mono- 
chromators, this  corresponds  to  60  yW/cm^lO  ^ S.  This  is  quite  comparable 
to  the  output  for  conventional  x-ray  tubes,  and  Parratt  (1959)  has  pointed 
out  that  synchrotrons  have  intensity  advantages  over  these  sources  at 
1 X if  the  synchrotron  energy  exceeds  4 GeV.  At  1 X,  the  DESY  machine 
in  Hamburg  (E  = 7.5  GeV,  R=  31.7  m,  I = 6 mA)  has  proved  to  be  superior 
to  conventional  high  powered  x-ray  sources  in  diffraction  studies 
(Rosenbaum  et  al.  1971). 

2.2.2  Advantages  and  Disadvantages  of  Synchrotron  Radiation 

Synchrotron  radiation  has  the  further  merit  of  being  highly  plane 
polarized  with  the  electric  vector  parallel  to  the  orbital  plane.  In 
addition  the  degree  of  polarization  can  be  accurately  calculated  from 
the  known  machine  parameters.  This  is  particularly  important  at  wave- 
lengths less  than  1000  X where  only  inefficient  polarization  can  be 
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achieved  by  reflection  due  to  low  reflectivities  (Samson  1967).  Know- 
ledge of  the  degree  of  polarization  enables  the  radiation  to  be  used  in 
the  study  of  anistropic  crystals.  Reflectance  measurements  with  light 
polarized  in  different  directions  relative  to  the  optic  axis  leads  to 
the  determination  of  effective  optical  constants  in  various  directions 
(Godwin  1969,  Klucker  et  al.  1971,  Bammes  et  al.  1972).  In  photo- 
electron spectroscopy  where  the  angular  distribution  of  emitted  electrons 
has  been  related  to  the  structure  of  crystals  (Fadley  and  Bergstrom  1971) 
a highly  polarized  beam  should  be  advantageous.  In  the  600-900  X range 
the  polarization  properties  of  synchrotron  radiation  have  been  used  to 
explore  the  plasma  resonance  of  aluminum  (plasma  frequency  15  eV) . Since 
the  plasmon  is  a longitudinal  oscillation,  a p component  at  non-normal 
incidence  is  required.  The  decay  of  the  plasmon  excited  in  this  way  was 
indeed  observed  by  Steinmann  and  Skibowski  (1966)  as  an  increase  in  the 
photoemission  for  the  p component  at  830  X. 

The  continuous  wavelength  coverage  at  high  intensity  from  1000  X to 
1 S is  an  important  advantage  of  synchrotron  radiation,  especially  for 
studying  sharp  resonances  in  atomic  and  molecular  photoionization  continua 
and  exciton  structures  in  solids.  For  the  unambiguous  determination  of 
absorption  cross  sections  ac  particular  wavelengths,  however,  a continuum 
source  has  a decided  disadvantage.  This  is  because  of  the  difficulty 
when  using  a monochromator  of  separating  the  scattered  light  and  higher- 
rder  contributions  from  the  first-order  component.  This  can  be  done  only 
moderately  well  by  using  selective  reflection.  The  problem  of  order 
sorting  is  even  worse  for  grazing  incidence  spectrometers  due  to  the 
inevitable  appearance  of  harmonic  multiples.  In  this  connection  the 
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inevitable  hard  x-ray  components  in  the  bigger  machines  can  lead  to  rapid 

ruination  of  reflection  gratings  when  one  wants  to  work,  with  the  softer 

x-ray  components.  A further  disadvantage  of  storage  rings  as  a source  of 

x-radiation  is  the  high  vacuum  requirement  (<  10  ^ Torr) , although  this 

is  useful  for  some  surface  studies  where  a high  vacuum  is  required  at  the 

irradiated  sample.  Conventional  electron  bombardment  x-ray  sources  operate 
-4 

at  a vacuum  of  10  Torr  and  may  suffer  from  oil  backstreaming  leading  to 
possible  target  contamination. 

A tunable  x-ray  laser  would  appear  to  suffer  from  none  of  these 
problems.  It  would  produce  intense  radiation  of  extremely  narrow  line- 
width  in  a well-collimated  beam. 

2.2.3  Applications  of  Synchrotron  Radiation 

In  the  soft  x-ray  regime  synchrotron  radiation  has  been  found  useful 
in  studying  fluorescence  K emission  spectra  of  C,  B,  and  Be  at  45  8,  67  S, 
and  114  respectively  (Feser  et  al.  1971).  Depending  on  whether  the  removed 
core  electron  is  replaced  with  one  from  the  valence  or  the  conduction  band, 
the  density  of  states  of  the  valence  or  conduction  bands  can  be  determined. 
While  such  studies  can  often  be  carried  out  more  efficiently  with  electron 
beams,  whose  cross  section  for  excitation  of  fluorescence  is  greater,  than 
with  photons,  x-rays  have  the  advantage  over  electrons  in  the  study  of 
organic  materials  because  they  produce  less  surface  damage.  The  difficulty 
with  the  synchrotron  continuum,  however,  is  again  the  unwanted  presence  of 
hard  x-ray  components  which  leads  to  intense  scattered  short  wavelength 
radiation.  The  tunable  x-ray  laser  would,  of  course,  have  no  such  problem. 

A number  of  other  application  areas  for  synchrotron  radiation  have 
been  suggested  or  are  in  progress  (Codling  1973) . We  recount  these 
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briefly  here  many  can  be  carried  out  much  more  directly  and  uith  greater 
precision  with  a tunable  x-ray  laser. 

Elango  et  al.  (1970)  have  correlated  the  emission  of  visible  radiation 
With  f center  alhall  halides  produced  by  synchrotron  radiation  in  the  300- 
80  X wavelength  range.  The  study  of  adsorbed  layers.  Important  for  instance 
in  semiconductor  behavior,  should  be  facilitated  by  analysing  the  change  In 
XUV  reflectivities  and  photoemission  yields  by  probing  with  x-radiation 
(P^avey  and  Lichtman  1971).  The  narrow  llnewidth  and  high  intensity  of 
:t-ray  laser  should  be  an  advantage  over  synchrotron  radiation. 

The  high  degree  of  polarisation  of  synchrotron  radiation  has  led 
Shlbowshi  et  al.  (1,68)  to  study  the  transmittance  and  reflectance  of  aluminu. 
films  as  a '.unction  of  p and  s polarisation.  They  have  found  a pronounced 
dependence  near  the  aluminum  plasma  frequency  of  835  8 and  ascribe  the  dip 
in  thin  film  transmittance  for  the  p component  to  the  excitation  of 
Plasmons  (ferrell  and  Stern  1962,  Ejiri  and  Sasaki  1966).  Resolution  was 
limited  by  the  monochromator  and  the  slit  width  (0.5  mm)  used  to  about  3 X 
at  800  X.  Further  Improvement  could  not  be  obtained  because  of  the  uncertain 
Sire  and  motion  of  the  electron  beam.  Clearly,  considerable  Improvement  In 
resolution  to  determine  more  accurately  the  line  shape  of  the  radiation  decay 
of  optically  excited  plasmons  would  be  possible  with  an  x-ray  laser  beam 
which  would  not  require  further  monochromatlsatlon. 

An  Important  application  of  synchrotron  radiation  has  been  the  con- 
struction of  a scanning  x-ray  microscope  by  Horowits  and  Howell  (1972).  The 
adiation  was  focused  by  an  x-ray  condensing  mirror  and  collimated  by  a 2 pm 
pinhole  in  100  pm  of  gold.  At  an  operating  wavelength  of  5 X diffraction 
sets  an  approximate  limit  of  L = d^/x  or  about  0.8  cm  on  the  specimen- 
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objective  distance.  The  depth  of  field,  limited  by  the  horizontal  beam 
convergence,  amounts  to  0.1  cm,  significantly  larger  than  that  of  ordinary 
microscopy.  The  target  characteristics  are  measured  by  the  characteristic 
fluorescent  x— rays.  Resolution  is  set  by  the  size  of  the  pinhole  ('^  2 ym) . 
Improved  resolution  could  be  obtained  with  smaller  pinholes  but  at  the 
expense  of  exposure  time  which  for  a given  image  quality  varies  inversely 
as  the  square  of  the  resolution  size.  The  sample  thickness  that  can  be 
probed  is  set  by  the  penetration  of  the  primary  and  the  absorption  of  the 
fluorescent  radiation.  In  the  range  considered  (2-20  8)  this  thickness  is 
limited  to  10-100  pm  for  unit  density  material.  The  x-ray  fluorescent 
spectra  produced  by  characteristic  K radiation  are  relatively  simple  leading 
to  good  discrimination  among  the  elements.  It  is  thus  possible  to  analyze 
the  element  content  of  ym-sized  areas  with  element  separation  limited  mainly 
by  Thomson  scattering  from  air  molecules  and  the  sample.  The  authors  indi- 
cate that  concentrations  of  particular  elements  down  to  lo"*’  to  10~^  gm/cm^ 
at  a resolution  of  2 ym  should  be  detectable.  A further  advantage  is  the 
absence  of  vacuum  requirements  and  the  ability,  therefore,  of  examining 
structures  ^ vlw.  It  is  clear  that  an  x-ray  laser  has  all  the  advantages 
of  synchrotron  radiation  while  not  requiring  such  intensity  reducing  devices 
as  a monochromator,  filter,  and  pinhole. 

Another  important  application  of  synchrotron  radiation  is  for  x-ray 
lithography,  which  has  been  recently  demonstrated  (Spiller  et  al.  1976, 

Fay  and  Trotel  1976).  The  collimation  o^  synchrotron  radiation  was  shown 
to  be  especially  useful  since  1 ym  wide  lines  could  be  replicated  with 
negligible  geometric  distortion  with  a mask— to— substrate  gap(s)  up  to  1 mm. 
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For  this  application  no  inonochroinator  was  usGd  but  tha  monochromaticity  cf 
) an  x-ray  laser  may  be  useful  for  enhancing  the  absorption  characteristics 

of  the  mask  and  resist  materials. 

2.3  Laser-Driven  Plasma  Sources 

I A fairly  efficient  method  for  converting  infrared  radiation  i?.to  intense 

coherent  x radiation  is  a plasma  irradiated  by  an  intense  laser.  Extensive 
investigations  have  been  made  into  the  generation  of  x rays  at  the  focus  of 
i high-power  laser  beams  (cf.,  e.g.,  Fawcett  et  al.  1966,  Basov  et  al . 1967, 

Basov  et  al.  1969,  Jaegle  et  al . 1971,  Yamanaka  et  al.  1972,  Mead  et  al. 

1972,  Mallozzietal.  1972,  Kliwer  1973).  The  radiation  emitted  by  such 
r plasma  covers  the  wide  range  of  to  ^100  keV  and  consists  of  a continuum 

with  superimposed  line  radiation  from  recombination  reactions.  Reported 
efficiencies  range  from  2-5%  (Bernstein  and  Comisar  1970)  to  a measured 
yield  of  15-25%  of  the  incident  laser  pulse  energy  from  high-Z  targets 
(Mallo2zi  et  al.  1972).  According  to  some  estimates  of  70%  conversion  effi- 
ciency can  even  be  reached  (Shatas  et  al.  1971).  With  pulse  energies  of 
^ widths  of  100-300  psec  irradiating  targets  of  100  ym  diameter  the 

total  x-ray  output  is  clearly  considerable.  From  the  point  of  view  of  appli- 
cations in  materials  analysis,  the  laser  plasma  source’s  main  advantages  seem 
to  be  its  high  intensity  which  would  be  useful  in  radiation  damage  studies, 
and  its  short  pulse  time-  Otherwise  the  continuum  nature  of  the  radiation 
has  the  disadvantages  already  mentioned  in  connection  with  synchrotron 
radiation,  while  for  absorption  studies  its  line  components  would  be  a 
serious  drawback,  unless  these  are  of  significant  intensity  and  can  be 
isolated  and  collimated.  The  laser  plasma  source  is  also  unlikely  to 
serve  as  an  x ray  intensity  standard,  an  application  mentioned  in  connection 
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with  synchrotron  radiation  because  of  the  relatively  straightforward  rela- 
tionship between  spectral  output  and  machine  parameters  (Codling  and  Madden 
1965,  Lemke  and  Labs  1967,  Pitz  1969).  This  is  because  the  x-ray  output  of 
a laser  plasma  depends  in  as  yet  poorly  understood  ways  on  detailed  knowledge 
of  the  suprathermal  electron  distribution  which  produces  the  hard  x-ray  part 
of  the  bremsstrahlung  spectrum,  a variety  of  possible  plasma  instabilities, 
input  pulse  form,  and  laser-plasma  coupling  physics  (ef.,  e.g.,  Brueckner 
and  Jorna  1974).  It  is  difficult  to  see  how  these  parameters  could  ever  be 
sufficiently  well  specified,  thus  rendering  a precise  a priori  determination 
of  the  x-ray  output  unfeasible. 

2.3.1  Point  Source  Parameters 

X-rays  from  laser  produced  plasmas  can  nevertheless  serve  an  important 
role  by  making  experimental  x-ray  laser  applications  research  possible  far 
in  advance  of  the  existence  of  an  x-ray  laser.  Indead,  many  of  the  appli- 
cations that  are  cited  here  in  justification  of  an  x-ray  laser  (x-ray 
microscopy,  ESCA,  nondestructive  testing,  etc.)  can  be  accomplished  with  a 
point  source  (i.e.,  "spatially  coherent"  source)  of  x-ray  lines.  For 
example,  a significant  fraction  of  the  x rays  in  a given  x-ray  line  can  be 
focused  onto  another  point  or  into  a collimated  beam  with  a doubly-curved 
Bragg-angle  crystal  reflector.  For  most  purposes,  such  an  arrangement  is 
equivalent  to  a tunable,  monochromatic,  pulsed,  x-ray  laser. 

Laser  produced  x rays  are  an  excellent  source  of  x rays  for  x-ray  laser 
applications  research.  Indeed,  this  source  has  already  been  used  to  con- 
siderable advantage  in  x-ray  microscopy  and  nondestructive  testing  (Malozzi 
et  al.  1973,  19?5,  to  be  published). 
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In  the  following  we  describe  the  laser  x-ray  source  and  some  of  its 

uses  in  nondestructive  testing  and  x-ray  microscopy.  The  discussion  is 

carried  out  mostly  from  the  point  of  view  of  utilizing  the  x rays  from  the 

source  directly,  without  monochromatization  by  scattering  from  a crystal. 

However,  similar  experiments  can  be  carried  out  with  a monochromatic  bea.^ 

produced  with  a crystal,  as  explained  above. 

2.3.2  Laser  Plasma  Source  Parameters 

Neodymium-laser  light  focused  onto  solid  iron  and  copper  slab  targets 

has  been  converted  into  x rays  with  an  efficiency  of  greater  than  25%,  with 

several  tens  of  joules  of  x rays  emanating  from  a point  source  (about 

100  y in  diameter)  in  about  1 nsec  (Mallozzi  et  al . 1975).  The  technique 

used  for  generating  the  x rays  involves  vaporizing  and  ionizing  material  near 

the  target  surface  with  an  '^l  J,  MO  nsec  prepulse  or  "foot",  and  laser  heating 

the  resulting  low-temperature  plasma  to  the  multikilovolt  regime  by  an 

MOO  J,  M nsec  main  pulse  via  the  inverse  bremsstrahlung  absorption  process. 

The  prepulse  strikes  a 100  to  200  y-diameter  focal  point  at  an  incident 

11  2 

intensity  of  about  10  W/cm  , whereas  the  main  pulse  strikes  it  at  about 
14  2 

10  W/cm  . The  x rays  are  produced  in  the  plasma  by  bremsstrahlung, 
recombination  radiation,  and  line  radiation. 

The  basic  experimental  configuration  for  the  x-ray  production  is  shown 
in  Figure  2.2.  Figure  2.3  shows  the  angular  dependence  of  the  x-ray  pattern 
produced  with  iron  targets  irradiated  at  a 45®  angle  of  incidence.  The 
27%  conversion  efficiency  cited  in  the  figure  refers  to  x rays  which  are 
radiated  into  the  2tt  ster  away  from  the  slab  and  pass  perpendicularly  through 
3000  R of  plastic  (parylene)  coated  with  2000  R of  aluminum.  This  conversion 
efficiency  is  thus  a lower  bound  and  refers  only  to  the  portion  of  the 
spectrum  above  about  300  eV. 
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The  x-ray  spectrum  ob  ,nve]  in  these  experiments  consists  of  three 

distinct  components,  all  of  which  are  produced  by  the  main  laser  pulse. 

Most  of  the  output  is  contained  in  a very  soft  component  between  0.3  and 

2 keV  and  consists  of  spectral  lines  emitted  from  the  relatively  cool 

(<1  keV)  leading  edge  of  a thermal  diffusion  front.  A typical  output  in 

this  spectral  region  is  shown  in  Figure  2.4.  There  is  also  a somewhat 

harder  component  with  photon  energies  ranging  from  several  keV  to  about 

30  keV.  This  component  consists  of  x rays  emitted  from  a hotter  less  dense 

region  of  the  plasma  which  is  closer  to  the  laser.  These  x rays  correspond 

to  a conversion  of  about  1/^  of  the  incident  laser  energy  to  free— free  and 

free-bound  radiation  in  a plasma  region  with  electron  temperature  kT  = 

5 keV.  Thus,  the  intermediate  component  of  the  x-ray  spectrum  varies  with 

photon  energy  hv  as  approximately  exp  (-hv/kT  ),  where  kT  = 5 keV,  There 

e e 

is  a third,  and  still  harder,  component  that  extends  to  100  keV  and  higher. 
This  component  is  generaxly  attributed  to  brcrmsstrahlung  produced  by  a small 
subgroup  of  electrons  that  are  accelerated  to  "suprathermal"  (i.e., 
anomalously  high)  velocities  by  nonlinear  interactions  between  the  intense 
laser  beam  and  the  plasma. 

Of  the  thrive  components  of  the  x— lay  spectrum,  only  the  hard  x rays  are 
too  weak  in  their  present  state  to  be  useful.  The  two  softer  components  are 
sufficiently  intense  to  allow  their  immediate  application  in  nondestructive 
testing.  They  confer  a number  of  important  advantages. 

At  present,  there  are  five  main  properties  of  the  laser  plasma  x-ray 
source  that  render  it  useful  for  nondestructive  testing: 
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Figure  2.4. 


Densitometer  tracing  of  spectrograph  of  x rays 
target  using  bent  crystal  spectrometer. 


from  iron  slab 
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a)  Small  spot  size  (about  100  y diameter  or  smaller) 

b)  Short  pulse  width  (about  1 nsec) 

c)  Soft  x-ray  spectrum  (mostly  concentrated  between  0.3  and  2 keV 
but  with  useful  outputs  extending  to  30  keV) 

d)  Ability  to  generate  x rays  at  remote  or  otherwise  inaccessible 
locations 

e)  An  abundance  of  intense  spectral  lines  . 

These  properties  are  each  impressive  in  themselves.  Most  noteworthy,  however, 
is  the  fact  that  they  are  all  associated  simultaneously  with  the  same  source. 
For  example,  small  spot  size  makes  it  possible  to  take  high-resolution  radio- 
graphs. When  combined  with  short  pulse  width,  these  photographs  remain  sharp 
regardless  of  any  mechanical  or  biological  motion  that  may  possibly  occur. 

By  way  of  comparison,  commercial  x-ray  tubes  typically  have  a spot  size 
of  1 mm  (1000  y)  and  produce  an  x-ray  power  of  about  1 W at  an  operating 
voltage  of  30  keV  and  0.1  W at  an  operating  voltage  of  10  keV.  They,  there- 
fore, require  from  10  to  100  sec  to  produce  the  same  10-or-so  J of  x rays 

that  are  readily  produced  with  a 100  J laser  pulse,  and  from  1000  to  10,000  sec 

2 2 

to  radiate  the  same  number  of  J/cm  /ster.  We  note  that  J/cm  /ster,  i.e., 
"time-integrated  brightness",  is  the  appropriate  physical  quantity  for  com- 
paring the  resolution  obtainable  with  motionless  objects. 

Property  (c)  helps  supply  the  need  for  an  intense  souce  of  soft  x rays. 
Soft  x-ray  radiographs  with  commercial  x-ray  tubes  often  require  several 
minutes  of  exposure  time,  and  many  hours  are  sometimes  employed  in  the  1 keV 
regime.  It  is  apparent  from  the  above  that  comparable  or  superior  results 

can  often  be  expected  with  a single  laser  shot. 
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2.3.3  X— R3y  Micro— Radiography 

It  IS  useful  to  provide  an  illustrative  example.  This  is  accomplished 
rather  dramatically  in  Figure  2.5,  which  shows  a honeybee  photographically 
arrested  in  flight.  This  "contact"  x-ray  photograph  was  taken  with  the  film 
placed  10  cm  from  the  source,  with  the  subject  located  as  close  to  the  film 
as  possible.  The  source  was  located  in  a prototype  x-ray  probe,  a conceptual 
design  of  which  is  shown  in  Figure  2.6.  The  probe  consists  of  a long  conical 
vacuum  chamber,  with  a lens  located  at  the  wide  end  to  focus  the  laser  beam 
onto  a target  located  within  the  tip.  The  target  used  in  producing  the 
photograph  was  a copper  slab  1 pm  thick  and  was  irradiated  by  the  laser  beam 
at  normal  incidence.  Since  the  x rays  were  generated  in  a small  sublayer 
of  the  target  facing  the  laser  and  were  required,  before  reaching  the  insect, 
to  survive  passage  through  the  bulk  of  the  target,  through  a 37  mm  thick 
beryllium  window,  and  through  about  10  cm  of  air,  the  x rays  that  produced 
the  photograph  mostly  lay  above  several  keV. 

In  taking  this  photograph,  the  first  four  properties  of  the  new  x-ray 
source  are  utilized.  What  is  at  hand,  among  other  things,  is  the  capability 
producing  highly  detailed  flash  x-ray  micro-radiographs  of  small  machinery 
and  other  objects  in  rapid  motion,  even  when  inconveniently  located.  This 
capability  extends  at  present  to  solid  thicknesses  ranging  from  <1  ym  to  a 
few  cm.  Larger  objects  can  be  photographed  if  they  contain  extensive  hollow 
spaces.  With  respect  to  photographic  detail,  a resolution  of  better  than 
lymis  obtainable  with  mm-size  objects,  and  several  hundredths  of  a ym  appear 
r6alizabl6  with  sinaller  objects. 
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2 . 4 X-Ray  Monochromators  and  Spectrometers 


Many  of  the  applications  of  x-ray  lasers  to  be  discussed  depend  on  the 
availability  of  highly  monochroratic  radiation.  For  a comparison  of  other 
intense  sources,  such  as  laser-produced  plasmas  and  synchrotron  radiation, 
with  x-ray  lasers  it  is,  therefore,  important  to  determine  how  the  ultimate 
x-ray  flux,  collimation,  and  monochromaticity  are  affected  by  the  interposition 
of  monochromati zing  devices.  In  general,  high  monochromaticity  requires  good 
beam  collimation  and  there  is  a compromise  between  resolution  and  monochromator 
transmission  (Azaroff  1974).  Plasma— produced  beams  will  suffer  considerablv 
more  in  intensity  by  collimation  than  synchrotron  beams  which  are  already  well- 
collimated  in  the  vertical  plane  (Section  2.2.1).  The  disadvantage  of  both 
these  sources  is  their  broad  spectrum.  This,  as  we  have  noted  before,  leads 
to  transmission  by  a monochromator  of  sub— harmonics  and  overlapping  orders  , 
the  elimination  of  which  necessitates  the  use  of  additional  dispersing  elements 
causing  further  loss  in  intensity.  In  fact,  with  some  monochromatized  syn- 
chrotron beams  the  intensity  at  A/2  is  greater  than  that  at  the  desired  wave- 
length A . 

Monochromators  and  spectrometers  for  the  x-ray  region  usually  use  either 
flat  or  Lent  Bragg  crystals  at  the  shorter  wavelengths,  and  gratings  (grazing 
or  normal  incidence)  at  wavelengths  longer  than  approximately  10  R;  grazing 
incidence  grating  instruments  work  well  up  through  at  least  1200  R,  over- 
lapping  the  range  of  Bragg  crystals  and  normal  incidence  vacuum  spectrometers. 
In  grazing  incidence  spectrometers  for  the  10—400  R region  concave  gratings 
are  generally  used  so  that  the  entrance  slit  can  be  imaged  onto  the  exit  slit 
with  only  one  reflection  to  minimize  losses.  In  analyzing  wavelengths  shorter 
than  about  10  R,  Bragg  crystal  spectrometers  give  higher  transmission  but 
grazing  incidence  grating  instruments  are  often  used  for  high  resolution. 
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a substrate  with 


Both  bent  and  flat  multilayer  crystals  may  be  coated  onto 

inLi,ratomic  plane  spacings  as  large  as  120  X using  organomecallic  compounds 
such  as  lead  stearate  (Henke  1974). 

X-ray  spectrometers  available  at  the  NINA  synchrotron  radiation  facility 
in  Daresbury,  England,  include  a grazing-incidence  monochromator  and  a grazing' 
incidence  spectrograph,  a normal  incidence  UV  spectrometer,  a Wadsworth-mount 
grating  monochromator  and  two  Bragg  crystal  spectrometers  (one  of  which  is 
used  for  x-ray  diffraction  and  one  for  x-ray  photo-electron  spectroscopy  work) 
(Marr  1976)  The  variety  of  monochromators  at  Daresbury  are  fairly  typical  of 


those  currently  used  with  either  synchrotron  sources  or  x-ray  tubes. 

For  experimental  convenience,  "constant  deviation"  concave  grating  mono- 
chromators have  been  designed  with  fixed  entrance  and  exit  slits  (Codling  and 
Mitchell  1970)  for  use  with  synchrotron  sources.  Some  progress  has  been  made 
at  Daresbury  in  overcoming  the  problem  of  transmitting  overlapping  orders. 

Table  2..2  shows  the  characteristics  of  the  far  UV  spectrometers  and  mono- 
chromators at  the  National  Bureau  of  Standards  electron  storage  ring  SURF-II 
(Ederer  and  Ebner  1975).  The  properties  of  the  NBS  toroidal-grating  mono- 
chromator, designed  fora  modest  resolution  of  about  1 S witft  high  transmission, 
have  been  described  recently  (.Madden  and  Ederer  1972).  It  is  clear  from  the 
table  that  the  horizontal  angular  acceptance  of  most  of  the  spectrometers 
list-^  (>1  mrad)  is  sufficient  to  pass  the  entire  r.m.s.  emission  cone  of  each 
electron  as  it  sweeps  by  (for  SURF-II,  y . 500  and  9,  = 2 mrad).  As  most  of 
the  other  presently  evellable  synchrotron  sources  operate  at  energies  above 
250  MeV,  their  angular  distribution  of  radiation  is  even  narrower.  The  SPKE 
storage  ring  at  Stanford  University  has  a beat,  vldth  of  about  1 cm  rather  than 
the  1-2  mm  at  SUEF  so  that  the  size  of  mnochromators  designed  foL  this  facilltj 

must  be  scaled  up  by  a factor  of  about  ten  to  achieve  equivalent  resolution 
without  loss. 


51 


Table  2.2.  Summary  of  Spectrometer  Characteristics  at  SURF-II* 
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and  Ebner  (1975) . 


2.4.1  Estimate  of  the  Transmission  of  a Grazing-Incidence  Monochromator 
To  make  this  estimate  one  must  know  the  reflectivity  of  the  metallic 
grating  surface  (usually  A1  or  Au)  at  grazing  incidence  and  the  diffraction 
efficiency  into  first  order.  At  a grazing  indidence  angle  of  1°  for 
10  8 ~ 100  8 radiation,  experiment  and  theory  agree  (R.  Giacconi  et  al. 
1969)  on  a reflectivity  of  '^J90  percent  for  unoxidized  Al  and  '^^70  percent 
for  Au  (except  near  the  N absorption  edge) . For  a good  holographic  graz- 
ing-incidence diffraction  grating,  one  may  expect  a diffraction  efficiency 
into  first  order  of  '^5-10  percent.  Resolution  of  a holographic-grating 
grazing  incidence  spectrometer  can  be  as  good  as  50  meV  at  Jj:  L ('^'220  eV) 
i or  a resolving  power  X/AX  4000  (Nordgren  et  al.  1976). 

For  a synchrotron  source  with  a vertical  angular  distribution  of  only 
1-3  mrad  out  of  the  orbital  plane  the  angular  acceptance  in  the  dispersion 
P plane  is  the  only  limitation  on  flux.  Then  the  transmitted  photon  flux 

is: 

F = (Incident  number  of  synchrotron  photons/sec-mrad-8  focused  on 
^ the  entrance  slit)  x (fractional  grating  reflectivity)  x (first  order 

diffraction  efficiency)  x (hi  rli-;  t.il  .-..fl-.r  vi-'  vp  t me  ■ : f.  r v 
from  slit)  x (spectv  iieter  bandpass  in  8). 

(The  factor  F may  have  to  he  multiplied  by  the  ratio  of  entrance-slit 
width  to  focal  spot  size  if  there  is  a loss  due  to  too  large  a focal  spot 
size  when  using  a narrow  slit  at  high  resolution.)  For  example,  with  the 

♦ 

parameters  for  the  2.2  m grazing  incidence  monochromator  at  SURF  a sector 
of  beam  up  to  '^<10  mrad  focused  at  unit  magnification  onto  the  entrance 
slit  (of  100  micron  width)  via  ar  external  grazing  incidence  mirror,  a 


I 
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fractional  reflectivity  of  grating  and  mirror  of  0.8  and  a 0.1  diffraction 

efficiency  into  first  order  (optimistic)  , one  calculates  a transmission  of 

approximately  3 x 10~^  x (bandpass  in  8.) . This  is  consistent  with  a rough 

3 

estimate  given  by  Eastman  (1972,  p.  32)  of  10  for  the  insertion-loss 
factor,  using  a comparable  bandpass  and  a focused  synchrotron  source. 
Eastman's  estimate  probably  includes  some  loss  due  to  an  oversize  focused 
beam  spot. 

Eastman  (ibid. ) further  calculates  that  for  XPS  (x-ray  photoelectron 
spectroscopy)  work  at  0.2  eV  resolution  with  a signal/noise  ratio  of 
100/1  in  a 1 sec  integrating  time,  the  combined  insertion  loss  of  photon 
monochromator  and  electron  spectrometer  with  a 1 percent  electron  yield 

9 

is  a factor  10  . This  means  that  an  incident  focused  synchrotron  flux 
13 

of  10  photons/sec/eV  spectral  width  is  required,  a number  that  happens 
to  coincide  with  the  flux  of  the  SPEAR  storage  ring  operating  at  2.2  GeV 
with  250  mA  of  circulating  current  and  a photon  energy  of  25  eV.  DESY 
can  provide  similar  fluxes,  but  this  flux  is  one  or  more  orders  of 
tp.'' s;nitude  gi  eater  than,  that  available  at  other  U.S.  installations.  The 
quoted  flux  requirements  for  XPS  are  for  measuring  the  distribution  of 
energies  of  the  emitted  photoelectrons  only.  Simultaneous  measurements 
of  angular  'listributions  and  photoelectron  energies  will  require  even 
higher  x-ray  fluxes,  up  to  the  damage  threshold. 

With  very  intense  sources  requiring  a grating  monochromator , the 
ultimate  limit  to  usable  flux  may  be  set  not  by  the  source  but  by  the 
threshold  for  damage  to  the  grating  itself.  In  a vacuum  environment  one 
mechanism  for  damage  would  simply  be  radiative  heating  of  the  grating 
surface.  The  total  radiation  power  output  per  electron  of  a synchrotron 


is  obtained  by  integrating  Eq.  (2.9)  over  all  wavelengths  or  directly 
from  Eq . (2).  Tlie  result  can  be  expressed  as 

I = 6.7  X 10“^  [E(GeV)]^/[R(m)]^  W , (12) 

corresponding  to  a total  instantaneous  output  of  about  100  kW  for  typical 

operating  conditions  of  the  NINA  machine.  A grating  substending  a horizontal 

angle  of  a mrad  at  3 m from  the  radiating  source  is  then  subjected  to  a 

2 

flux  of  up  to  10  W/cm  . It  might  be  difficult  to  dissipate  this  much  power 
without  grating  damage  under  vacuum  conditions,  to  say  nothing  of  the 
defects  produced  in  the  grating  surface  by  broad-band  x rays  over  long 
periods  of  time.  A monochromatic  x— ray  laser  would  be  flux— limited  by 
damage  to  the  s amp le  not  the  monochromator  grating  and,  when  x-ray  beam 
splitters  are  developed  (certainly  possible  even  now),  the  laser  could  be 
used  to  illuminate  an  appropriate  number  os  samples  simultaneously  so  as 
not  to  waste  the  flux. 

2.4.2  Bragg  Crystal  Monochromators  for  X-Rays 

We  now  discuss  the  transmission  and  resolution  of  Bragg  crystal 
monochromators  suitable  for  the  shorter  wavelength  region  0.1  X - 10  X. 

At  the  A1  wavelength  (8.34  , for  example,  the  peak  reflection 

efficiency  for  a CAP  crystal  is  = 1/2  percent  (Henke  1965,  1974).  Lead 
stearate  and  other  organometalli c multilayer  crystals  (with  a larger 
spacing  2d  and  hence  a smaller  Bragg  angle  for  8.34  S)  can  have  a 
reflection  efficiency  up  to  a few  percent,  but  with  a severe  loss  in 
resolving  power  (Henke  1965) . 

For  a point  source  of  continuum  x rays,  the  transmitted  flux  of  a 
crystal  spectrometer  (in  photons/sec)  can  be  approximated  as  BAf2ri^((SX/lS) 
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if  the  source  brightness  B is  measured  in  photons  per  unit  solid  angle 
per  second  per  R and  where  AJ2  is  Che  solid  angle  accepted  by  the 
spectrometer.  The  mean  crystal  reflection  efficiency  and  the  spec- 
trometer bandwidth  6X  must  be  known.  Where  the  geometrical  angular 
acceptance  is  greater  than  the  crystal  mosaic  angular  spread,  particularly 
in  calculating  the  transmission  of  a line  source,  it  is  conventional  to 
express  the  crystal  reflectivity  in  terms  of  an  integral  over  the  ' rocking 
curve"  of  the  crystal  in  units  of  radians.  Some  of  these  considerations 
are  discussed  by  F.  W.  Martin  and  R.  K.  Cacak  (1975).  As  a numerical 
example,  using  figures  from  Martin  and  Cacak  for  their  double-focusing 
concave  spherical  crystal  monochromator,  we  assume  a solid  angle  AP,  of 
0.04  steradians  and  a resolution  of  1 percent  with  C (44.6  R) , the 
transmitted  flux  can  be  as  high  as: 

B X .04  X 5%  X (.45R/1R)  = lO"  B 

for  a point  x-ray  source  and  using  a good  quality  lead  stearate  crystal 
with  100  or  more  layers.  In  practice,  transmissions  one  to  two  orders  of 
magnitude  less  than  this  are  more  common. 

Resolution  of  crystal  monochromators  is  limited  by  Che  number  of 
reflecting  planes  in  one  absorption  (1/e)  length  (or  by  the  total  number 
of  reflecting  planes  in  a t .in  multilayer  crystal  such  as  lead  stearate) , 
the  geometrical  collimation  used  and  the  angular  distribution  of  orienta- 
tions of  the  mosaic  elements  composing  the  crystal.  If  very  good  angular 


resolution  is  needed,  as  in  some  x-ray  diffraction  work,  pure  silicon 
crystals  are  usually  best.  Much  greater  transmission  at  poorer  resolution 
can  be  obtained  by  using  bent  mosaic  pyrolytic  graphite  monochromators 
with  2d  “ 6.715  X (cf. , e.g.,  Watson  and  Perlman  1972). 

The  fractional  resolution  of  a crystal  spectrometer  found  by 
differentiating  the  Bragg  law  is 

-dE  dX  ^ „ 

— - — » cot  9 d9  , (13) 


wnich  deteriorates  badly  at  small  Bragg  angles  6 with  fixed  d9.  The 


dependence  on  wavelength  is  seen  to  be 


A 


cot  9 d9  = 


- Vl  - nh^/Ad^ 


nX/2d 


dd 


(14) 


implying  that  the  best  resolution  occurs  near  kX  ~ 2d  for  a particular 
crystal  plane  spacing  d.  Again  using  A1  as  a representative  e::ample, 
one  finds  that  if  the  Bragg  crystal  is  quartz  with  2d  = 8.50  S and  a 
d0  “ 1.15®  = 2.6  mrad,  the  resolving  power  X/dX  - 1950  in  first  order, 
comparable  to  ?.  grazing  incidence  spectrometer  at  its  long  wavelength  limit. 
On  the  other  hand,  if  one  uses  the  same  crystal  with  shorter  wavelength 
Ar  radiation  at  4.19  S,  the  resolving  power  A/dA  is  only  '^220  in  first 
order  and  one  must  go  to  second  order  to  achieve  a better  resolution. 
Overlapping  orders  are  again  a problem  with  a broad  source',  such  as  syn- 
chrotron radiation  with  the  use  of  a Bragg  crystal  monochromator  as  they 
are  with  gratings. 

The  trade-off  between  resolution  and  monochromator  transmission  is 
not  a simple  subject.  In  general  the  transmission  rises  rapidly  as  the 


resolving  po’her  is  decreased  by  opening  the  slits,  until  a knee  or  plateau 
is  reachea.  A number  of  examples  for  curved  crystal  spectrometers  are 
presented  in  articles  by  T.  Johansson  (1933)  and  by  Jones  et  al.  (1963). 

In  the  3-12  2.  range , the  optimum  resolution  for  reaching  this  transmission 
plateau  is  at  a resolving  power  \/dX  10  X/0.05  2 = 200,  depending  some- 
what on  the  particular  wavelength  and  crystal.  An  x-ray  laser  would, 
therefore,  be  particularly  advantageous  as  a high  intensity  source  in  this 
wavelength  range  when  a monochromaticity  >>  17200  is  needed  or  when  con- 
ventional source  intensities  are  inadequate. 

K-eliable  data  on  damage  to  analyzing  crystals  with  broad  sources  are 
difficult  to  obtain.  Presumably,  ionic  analyzing  crystals  of  simple 
materials  (e.g.,  NaCl)  are  less  subject  to  radiation  damage  than  complex 
organic  crystals;  pure  silicon  crystals  (2d  = 3.84  S)  may  be  least 
susceptible  to  damage  of  any  known  crystal  material  (P.  E.  Best  1976) 
but  they  are  not  useful  i : the  soft  x-ray  region.  Some  recent  data 
taken  at  the  Strnform  SPEAR  synchrotron  radiation  facility  with  protein 
crystals  (azurin)  showed  little  damage  after  a total  of  28  hours  of 
exposure  to  1.376  S rtdiation  from  the  synchrotron.  On  the  other  hand, 
damage  to  other  azurin  crystals  was  detectable  in  x-ray  diffraction  data 
after  a 100  hour  exposure  with  nickel-filtered  radiation  from  a Cu-anode 
x-ray  tube  operated  at  700  W (Phillips  1976) . More  severe  damage  than 
this  would  be  expected  in  a crystal  monochromator  exposed  to  the  direct 
synchrotron  beam,  and  a Bragg  crystal  might  be  expected  to  be  more  sensi- 
tive to  x-radiation  damage  than  a grazing  incidence  grating  or  a "passive" 
grazing  incidence  mirror. 


2 • A . 3 New  Types  of  Monochromators 


The  same  techniques  that  are  being  used  to  make  the  zone  plates 
(see  Section  10.4)  have  recently  been  applied  to  the  construction  of  free- 
standing, interferometrically  formed  transmission  gratings  with  wire 
spacing  of  '^^1000  lines/inm  for  diffraction  of  x rays  in  the  45-275  eV 
('^^270-45  S)  range.  Although  the  gold  wirf.s  employed  are  not  totally 
opaque  to  the  x rays,  it  appears  that  these  transmission  gratings  will 
offer  substantial  advantages  over  grazing-incidence  reflection  gratings  in 
terms  of  throughput  of  soft  x rays  at  resolutions  up  to  about  1:10^  or 

better  (Schnopper  1976).  For  example,  one  such  grating  (with  an  area 
2 

4-5  cm  ) will  diffract  up  to  12  percent  into  one  of  the  first-order  peaks 
at  the  optimum  wavelength.  Comparing  this  with  a commericial  2.2  m focal- 
IsriSth  grazing— inc idence  monochromator,  one  finds  the  projected  grating 
area  (onto  the  line  of  sight)  to  be  about  4—5  times  greater  for  the  trans- 
mission grating.  Diffraction  efficiency  into  first  order  may  also  be 
greater  for  a properly  designed  transmission  grating.  The  threshold  for 
unacceptable  radiation  damage  is  probably  also  higher  for  the  transmission 
S^^bing,  though  such  studies  do  not  appear  to  have  been  made  as  yet. 
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3. 


X-RAY  SOURCE  REQUIREMENTS  FOR  MICROREPLICATION 


3.1  Summary 

For  purposes  of  orientation  we  present  here  a review  of  microrepli- 
cation technicj  ies  using  x-ray  sources  commonly  referred  to  as  x-ray 
lithography  (for  a bibliography  see  Bemacki  and  Smith  1975).  This  is 
followed  by  a discussion  of  the  types  of  microelectronic  components  that 
can  in  principle  be  manufactured  by  this  technique,  together  with  indi- 
cations of  components  that  could  be  produced  if  sufficiently  good 
(«1  ym)  resolution  and  contrast  can  be  achieved.  The  needed  brightness, 
collimation,  and  monochromaticity  for  the  production  of  these  devices 
will  help  pinpoint  those  areas  where  an  x-ray  laser  source  has  clear 
advantages.  The  survey  is  not  intended  to  be  exhaustive,  but  a substantial 
documentation  has  been  provided  to  assist  those  requiring  further  and  more 
detailed  information. 

3.2  Introduction 

Shadow  projection  images  of  solid  materials  have  been  produced  on 
sensitive  films  by  exposure  with  x-rays.  These  microradiography  techniques 
have  been  in  use  for  the  past  50  to  80  years  and  have  traditionally  used  a 
point  source  of  x rays,  especially  where  image  magnification  is  desired. 
Four  years  ago  the  technique  of  x-ray  lithography  was  proposed  for  the 
replication  of  microcircuit  patterns  from  a mask  onto  a semiconductor  sub- 
strate in  a manner  analogous  to  photolithography  (Spears  and  Smith  1972). 
Extensive  research  has  since  been  undertaken  to  exploit  x-ray  technology 
for  this  application.  X-ray  lithography  is  superior  to  contact  printing 
with  ultraviolet  light  because  submicron-wide  lines  may  be  replicated 
with  no  serious  diffraction,  scattering  or  reflection  effects. 
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In  order  to  record  structures  of  0.1  )jra  and  less  in  size  with  some 
fidelity  it  becomes  necessary  to  utilize  rather  novel  recording  media.  The 
resolution  of  conventional  x-ray  film  is  set  by  the  grain  size  and  grain 
spacing.  For  the  highest  resolution  conventional  films  the  grain  size  is 
about  600  S and  the  average  grain  spacing  of  the  order  of  2000  X.  This  is 
clearly  inadequate  for  recording  the  detail  of  which  x-ray  imaging  is  capable. 

Microelectronics  device  processing  then  requires  that  the  x-ray  image  be 
recorded  in  grainless  or  highly  homogeneous  media  such  as  a polymer  resist 
which,  after  developing,  gives  a relief  image,  i.e.,  the  resist  is  removed 
in  some  areas  of  the  image  and  not  in  others  (Hatzakis  1969,  Brault  1974, 
Thompson  et  al.  1974,  Roberts  1975,  Feit  et  al.  1975,  Hagouel  and  Neureuther 
1975,  Gipstein  et  al.  1976,  Taylor  and  Coquin  1976).  This,  in  turn,  has  led 
to  new  applications  of  microradiography  where  a relief  pattern  is  indicative 
of  the  relative  x-ray  absorption  of  various  parts  of  the  sample.  Grainless 
recording  media  are,  of  course,  not  really  new  and  their  potential  in  micro- 
radiography was  appreciated  from  the  earliest  days  of  the  subject.  For 
example,  Ladd  et  al.  (1956,  1957)  made  use  of  the  changed  solubility  of 
ammonium  dichromate  crystals  after  exposure  to  x rays,  obtaining  a relief 
pattern  after  development  in  methanol.  The  main  problem  was  (and  is)  the 
long  exposure  times  required.  Replicas  of  biological  samples  have  been  made 
which  show  details  as  small  as  0.1  ym.  The  specimen  is  placed  on  a thin  layer 
of  photoresist  imprinting  an  x-ray  absorption  replica  of  the  specimen  yield- 
ing a topographic  profile  after  development  (Spiller  et  al.  1976).  These 
high  resolution  relief  images  have  been  examined  in  a scanning  electron 
microscope.  An  expanded  discussion  of  x-ray  microscopy  is  contained  in 
Section  10. 
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3. 3 System  Components 


Figure  3.1  illustrates  the  components  required  for  microreplication. 

The  principal  components  are  the  source,  a mask,  and  a resist  or  film. 

A.  Source 

The  source  of  x rays  is  usually  a point  source  created  by  electron  bom- 
bardment of  a target.  The  x rays  are  emitted  in  all  directions  from  this 
type  of  source.  X rays  may  al-o  be  generated  in  an  x-ray  laser,  a synchrotron 
or  storage  ring  where  the  electrons  lose  energy  in  the  form  of  bremsstrahlung 
X radiation  during  angular  acceleration,  or  a high  temperature  plasma,  e.g., 

laser  pulse  beating  of  a target  material. 

3^  X-Ray  Filter  or  Vacuum  Window  (Optional) 

Some  x-ray  sources  incorporate  an  x-ray  transparent  window  to  seal  the 
vacuum  chamber.  Other  sources  may  use  a thin  membrane  as  a filter  to 
selectively  remove  certain  wavelengths,  and/or  the  filter  may  function  as  a 
heat  shield  between  the  source  and  the  mask. 

C.  X-Ray  Optics  (Optional), 

In  most  cases  the  degree  of  collimation  and  the  area  of  coverage  is 
achieved  by  placing  the  source  of  x rays  sufficiently  far  from  the  mask.  If 
x-ray  focusing  lenses  or  zone  plates  could  be  fabricated  with  sufficient  accu- 
racy, they  would  reduce  the  requirement  of  high  intensity  from  the  source. 

D.  Mask  or  Sample 

The  sample  contains  opaque  and  transparent  regions  which  may  be  one  mate- 
rial with  spati  il  modulation  of  thickness  or  spatial  variations  of  different 
materials . 

E.  Film  or  Resist 

The  x-ray  image  is  reproduced  in  a film  which  must  be  sensitive  to  the 
x-ray  wavelength  emitted  by  the  source.  For  high  resolution  images  the  resist 
is  typically  less  than  2 ym  thick. 

62 


T 


X-RAY 

SOURCE 


^ ^ 1 VA  CUUM  WINDOW 

' -r  -J  OR  X-RAY  FILTER 

' » 

' i 


X-RAY  OPTICS 


nr 


I 

I X RAYS 

I 


J 


Figure  3.1.  Components  of  a Mic ro replication  System. 


F . Ali>>nm&nt  (Optional) 


X-ray  lithography  for  microcircuit  applications  requires  that  the  mask 
be  accurately  positioned  with  respect  to  previous  patterns  on  the  substrate. 
Mechanisms  for  accomplishing  this  alignment  may  utilize  detection  of  x rays. 

G.  Gap  Control  (Optional) 

In  :ontact  microradiography  applications  the  sample  and  the  film  are  in 
contact,  i.e.,  s = 0.  Magnification  of  the  image  may  be  achieved  by  placing 
the  sample  in  a location  between  the  point  source  and  the  film.  X-ray  lithog- 
raphy  for  microcircuit  applications  may  require  an  accurately  controlled  gap 
of  s = 20  ± 2 ym  between  the  mask  and  the  resist-coated  substrate.  This  gap 
prevents  contact  damage  to  the  mask  or  the  substrate,  but  the  resulting 
magnification  must  be  accurately  controlled  so  that  subsequent  masking  steps 
may  be  properly  overlaid. 

3.4  System  Considerations 

The  requirements  for  an  x-ray  raicroreplication  system  include  the  speci- 
fied values  of: 

° Resolution 

o Geometric  Fidelity 

o Image  Contrast 

o Exposure  Time 

These  requirements  can  be  met  through  an  appropriate  choice  of: 
o Physical  Design 

- Geometrical  Layout  of  the  Source,  Sample,  and  Film 
Peripheral  Support  Equipment 

Source 

Spectral  Intensity 
Monochromaticity 
Collimation 
o Mask  or  Sample 

- Type  and  Thickness  of  Transmitting  Substrate 
Type  and  Thickness  of  Absorbing  Pattern 


64 


o Resist  or  Film 

- Wavelength  Dependent  Sensitivity 
Resolution 

- Contrast 

Many  of  these  parameters  are  interdependent.  The  following  discussion 
considers  these  relevant  relationships: 

o The  effect  of  the  source  collimation  on  the  resolution,  geometric 
fidelity,  and  exposure  time. 

, o The  effect  of  the  source  wavelength  on  the  resolution,  exposure 

time,  and  contrast. 

o The  means  of  achieving  adequate  contrast  through  the  selection 
of  the  wavelength,  the  mask,  and  the  resist. 

^ o The  tradeoff  between  resolution  and  sensitivity  of  resist  materials. 

3.4.1  Collimation  and  Beam  Divergence 

A particular  advantage  of  x-ray  lithography  is  that  any  desired  reso- 
lution (down  to  0.1  pm  or  less) — with  any  desired  depth  of  field  over  any 
desired  area  (10  cm  diameter  or  more) — can  be  achieved  by  placing  a point 
source  sufficiently  far  away  from  the  mask.  However,  very  long  exposure 
> times  might  be  required  for  these  extremes,  even  with  high  power  x-ray 

sources  and  sensitive  resist  materials. 

In  a contact  microreplication  system  there  are  no  sericas  limitations 
with  presently  available  sources  of  resist  materials.  However,  if  there 
is  a gap  between  the  mask  and  the  substrate,  there  are  two  factors  which 
limit  the  resolution  and  exposure  area  of  an  x-ray  lithography  system: 
penumbral  shadowing  and  geometric  distortion.  The  gap  is  maintained  so  that 
there  is  no  contact  and  consequently  no  yield  loss  due  to  defects  produced 
on  the  mask  or  substrate  which  can  occur  in  a contact  system.  This  gap,  S, 
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might  be  typically  25  ym  (Fig.  3.2).  The  uncertainty  in  this  gap,  due  to 
flatness  distortions  or  bow  in  the  mask  and/or  the  wafer,  may  be  assumed 
to  be  S * = 5 ym  for  a properly  mounted  5 cm  diameter  mask  and  substrate. 

In  all  probability  S'  is  a function  of  the  substrate  diameter. 

In  order  to  maintain  a desired  resolution,  the  exposure  time  will 
increase  in  proportion  to  the  gap  between  the  mask  and  the  substrate. 

Thus,  it  would  be  reasonable  to  make  S as  small  as  possible,  even  equal  to 
S*.  However,  to  ensure  high  yield  there  must  be  no  contact.  Due  to  the 
mechanical  difficulties  of  mounting  and  spacing  the  mask  and  substrate,  a 
tolerance  of  S = S'  + 10  ym  should  be  allowed.  Dust  particles  on  the  mask 
or  substrate  could  produce  defects  if  the  spacing  were  less  than  this  value. 
In  addition,  if  the  substrate  is  an  epitaxial  silicon  wafer,  it  may  contain 
epitaxial  spikes  which  can  seriously  damage  a mask. 

Fenumbral  shadowing,  5,  occurs  due  to  the  finite  diameter,  d,  of  the 
X— ray  source  and  the  distance  from  the  source  to  the  mask,  D,  as  shown  in 
Fig.  3.2. 


(1) 


Because  the  image  from  the  mask  is  projected  onto  the  substrate  by  a 
point  source,  there  is  some  slight  magnification.  A feature  at  the  edge  of 
a mask  will  be  displaced  by  an  amount  A,  which  is  termed  geometric  dis- 
tortion. 


A 


R - d/2 
D 


(2) 
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This  is  of  no  consequence  sc;  long  as  S is  constant  for  each  succeeding  mask 
level.  However,  consideration  mast  be  given  to  the  uncontrollable  geometric 
distortion  which  arises  from  the  variation  in  the  gap,  S'.  Then 


A' 


Q*  R - d/2 
D 


(3) 


In  a typical  x-ray  lithography  application  S = 25  pm,  S ' = 5 ym,  R = 

2.5  cm,  d = 0.3  cm,  and  D = 40  cm.  Then  6 = 0.2  Um  and  A'  = 0.3  pm. 

(Note:  A high  power  rotating  aluminum  target  x-ray  source  could  dissipate 
10  kW  in  d = 0.3  cm  and  would  produce  a flux  of  70  UW/cm^,  at  the  A1  K 
wavelength  (8.3  S) , at  a distance  of  40  cm.  For  other  sources  see  Section  2). 
Smaller  size  (d)  x-ray  sources  produce  less  penumbral  shadowing  but  would 
only  offer  an  advantage  for  applications  where  the  uncontrolled  geometric 
distortion  is  of  no  consequence  or  where  S'  = 0. 

In  applications  where  the  sample  and  resist-coated  substrate  are  in 
contact  it  is  possible  to  utilize  a widely  diverging  beam  of  x rays;  however, 
the  cone  of  x rays  utilized  '"r  m a point  source  is  typically  limited  to  less 
than  a 20®  half  angle  for  rf.i’cical  reasons.  The  source  size  must  still  be 

_ sma^  sc  that  there  is  negligible  penumbral  blurring  throughout 
the  thicKness  of  the  sample  to  be  replicated  and  the  thickness  of  the  resist. 
3.4.2  Wavelength 

The  wavelength  of  the  x-ray  source  is  interdependent  with  many  other 
system  parameters..  This  study  is  limited  to  the  replication  of  features 
less  than  1 pm  in  size  from  thin  masks  or  samples  which  are  typically  less 
than  30  pm  thick.  For  adequate  contrast  the  x-ray  wavelength  should  be  greater 
than  5 S.  Experimental  and  theoretical  results  on  the  efficiencies  of 
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x-ray  target  materials,  mask  materials,  and  spurious  effects  caused  by 
continuous  radiation  and  photo-electrons  have  been  presented  by  Maydan 
et  al  (1975).  Shorter  wavelength  photons  would  not  be  aborbed  in  the  thin 
sample  or  in  thin  resist  films.  Thick  or  highly  absorbent  resist  films 
are  less  desirable  for  high  resolution  imaging. 

The  exposure  time  is  one  of  the  most  sensitive  parameters  to  the  choice 
of  wavelength.  In  many  present  systems  the  exposure  time  is  undesirably 
loi^g.  Consequently,  an  important  criterion  ^or  the  choice  of  wavelength  is 
that  w’hich  provides  the  shortest  exposure  time  in  a given  system.  The 
parameters  that  determine  this  choice  are  discussed  in  detail  in  the  paper 
by  Sullivan  and  McCoy  (1976)  (see  also  Greeneich  1975)  and  are  summarized 
here: 

1)  X-ray  source  brightness  — The  available  wavelengths  may  be 
limited  from  some  types  of  sources. 

2)  Mask  transmission  — The  x-ray  transmission  of  the  mask  substrate 
material  is  limited  by  the  wavelength-dependent  absorption  coeffi- 
cient and  the  thi ckness . 

3)  Vacuum  window/ filter  transmission  — The  x-ray  transmission  of  the 
material  used  to  provide  radiant  heat  shielding,  to  filter  out 
some  of  the  continuum  x rays,  and/or  to  provide  a vacuum  window, 
is  limited  by  the  wavelength -dependent  absorption  coefficient  and 
the  thickness . 

4)  Absorption  in  resist  — The  wavelength-dependent  absorption 
coefficient  of  the  polymer  resist  is  a critical  factor  xn  selecting 
the  exposure  wavelength  for  minimum  exposure  time. 
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5)  Resolution  requirement  — Higher  energy  x-ray  photons  will  produce 
higher  energy  photoelectrons  that  have  a longer  range  and  contri- 
bute to  lower  resolution.  The  scattering  range  of  1 kV 
photoelectrons  in  a polymer  resist  such  as  PMMA  is  about  0.05  yra; 
thus,  for  high  resolution,  it  is  desirable  to  limit  the  x-ray 
photon  energy  to  less  than  about  2500  eV  (X  > 5 S) . 

6)  Contrast  requirement  — The  contrast  is  limited  by  the  ability  of 
the  absorber  pattern  to  effectively  block  the  x rays.  Topically, 
fabrication  techniques  require  that  the  absorber  film  be  less 
than  1 ym  thick  in  order  to  define  0.5  ym  geometries.  If  this 
film  is  gold,  Lhe  wavelength  must  be  greater  than  about  3 S in 
order  to  stop  90  percent  of  the  x rays  with  a 1 ym  thickness. 

Other  less  absorbent  substrates  will  be  opaque  only  for  longer 
wavelengths.  The  effectiveness  of  the  absorber  film  ir.  providing 
discrimination  against  several  wavelengths  emitted  by  the  source 
may  also  be  an  important  contribution  to  the  contrast. 

In  general  there  is  an  optimum  wavelength  which  gives  the  shortest 
exposure  time.  Longer  wavelengths  are  not  transmitted  by  the  mask  and 
shorter  wavelengths,  which  are  easily  transmitted  by  the  mask,  are  not 
absorbed  in  the  resist  film. 

3.4.3  Contrast 

The  contrast  achieved  in  the  image  is  also  dependent  upon  many  factors 
in  the  system.  Imaging  of  biological  samples,  which  have  inherently  low 
contrast,  may  require  the  use  of  a monochromatic  x-ray  source  with  the  wave- 
length specifically  selected  to  give  Maximum  absorption  or  transmission  in 
carbon  or  oxygen.  In  some  cases  it  may  be  possible  to  use  biological 
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stains  which  contain  high  atomic  number  elements  and  thus  are  x-ray 
absorbent.  In  cases  where  the  source  is  not  monochromatic  it  may  be 
necessary  to  tailor  the  resist  for  maximum  sensitivity  at  particular 
wavelengths  which  will  produce  a high  contrast  image.  As  in  photographic 
film  processing  there  are  techniques  for  enhancing  the  contrast  of  resist 

films  during  development. 

3.4.4  Resist  Sensitivity 

The  fabrication  of  microelectronic  circuits  using  x-ray  lithography 
has  a goal  of  producing  submicr on-wide  lines  over  2 to  8 cm  diameter 
substrates  with  near  perfect  geometric  fidelity.  Exposure  times  of  several 
minutes  or  less  are  required  for  this  application  and  thus  very  sensitive 
resists  and/or  very  intense  x-ray  sources  are  required.  Exposure  times  up 
to  several  hours  and  much  smaller  substrates  may  be  acceptable  for  the 
replication  of  patterns  for  discrete  microelectronic  devices  or  for  imaging 

of  biological  samples. 

X-ray  sensitive  resist  materials  typically  require  an  expOw  -*.e  dose 
0.01  to  2 J/cm^  at  8.3  S wavelength.  Most  organic  resist  polymers  exhibit 
higher  sensitivity  at  longer  wavelengths  with  the  sensitivity  proportional 
to  where  n is  in  the  range  of  2.5  to  2.9.  The  correlation  between  their 
sensitivity  to  x-ray  and  electron  beam  radiation  has  been  discussed  by 
TViompson  et  al (1974).  There  are  discontinuities  in  the  spectral  sensi- 
tivity, e.g.,  the  sensitivity  decreases  above  the  oxygen  absorption  edge  at 

23.3  X and  above  the  carbon  absorption  edge  at  45  X. 

The  more  sensitive  resists  are  "negative",  i.e.,  they  remain  on  the 
substrate  in  the  regions  exposed  by  x rays.  They  usually  have  poorer 
resolution  than  positive  resists  because  they  consist  of  monomers  which 


71 


cross-link  upon  irradiation  and  chain  reactions  may  propagate.  Positive 

resists  are  polymers  which  undergo  chair,  scission  upon  x-ray  irradiation. 

Solvents  are  used  to  dissolve  away  the  lower  molecular  weight  fragments 

in  the  exposed  regions  of  the  image.  The  resists  which  exhibit  the  best 

resolut '.on  are,  in  general,  the  ones  with  the  poorest  sensitivity.  There 

is  mucii  room  for  improvement,  however.  The  ultimate  theoretical  sensitivity 

of  any  imaging  film  is  set  by  the  shot  noise.  Each  resolution  element 

should  receive  at  least  5C  photons  to  differentiate  it  from  an  unexposed 

element.  If  the  desired  resolution  element  is  0.1  pm  square  then  the  mini- 

11  2 -4 

mum  useful  exposure  dose  must  be  5 x 10  photons/cm  . This  is  1.2  x lO 

5 2 0 

J/cm  at  R wavelength  or  2.2  x 10  J/cm  at  45  A wavelength.  This 

assumes  that  the  resist  film  is  sufficiently  thick  to  absorb  all  of  the 

x-ray  photons.  When  an  x-ray  photon  is  absorbed  in  the  resist  it  generates 

1 or  2 energetic  photoelectroi.s . There  are  no  competing  scattering  or 

absorption  processes.  These  electrons  may  possess  sufficient  energy  to 

break  several  bonds  in  the  polymer  molecules.  Tl.ese  gain  mechanisms  reduce 

the  effect  of  quantum  noise  in  the  exposure  process. 

Much  additional  research  will  be  required  on  resist  materials  before 

the  ultimate  in  sensitivity  can  be  achieved.  Current  applications  must 

use  very  high  power  x-ray  sources  to  achieve  reasonable  exposure  time. 

For  example,  a 10  kW,  rotating  aluminum  target  x-ray  source  with  a 

beryllium  window  has  a brightness  of  0.11  W/steradian.  Approximately  half 

of  this  flux  is  absorbed  in  the  transparent  regions  of  the  mask.  At  a 

distance  of  40  cm  the  exposure  time  for  PMMA  high  resolution  positive 
2 

resist  (2  J/cm  ) is  about  16  hours.  Thus,  the  process  is  generally 
quite  inefficient  with  conventional  sources.  In  addition  to  the 
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improvements  already  mentioned,  the  monochromaticity  of  an  x-ray  laser  could 
dramtically  improve  recording  material  sensitivity  by  seeding  the  absorber 
with  a substance  with  a resonance  at  the  laser  wavelength. 

3.5  X-Ray  Laser  Sources  for  Microreplication 

A chief  requirement  for  x-ray  lithography  and  microradiography  is  a high 
brightness  source  of  x rays.  Appropriate  wavelength,  intensity,  and  collima- 
tion  can  be  obtained  from  several  types  of  x-ray  sources.  X-ray  lasers  offer 
three  unique  attributes  over  other  types  of  x-ray  sources:  they  are  tiono- 
chromatic,  collimated,  and  coherent. 

A monochromatic  source  may  be  useful  with  x-ray  optics  for  beam  expan- 
sion or  collimation,  since  some  types  of  optics  exhibit  chromatic  aberration. 
A mroochromatic  source  could  also  provide  enhanced  contrast  of  specific  types 
of  samples,  i.e.,  the  x-ray  source  wavelength  might  be  chosen  to  match  the 
absorption  edge  of  particular  elements  in  the  sample  or  in  the  resist  for 
increased  sensitivity. 

A collimated  x-ray  source  would  give  better  geometric  fidelity  in  the  repli- 
cated images  because  it  allows  a larger  gap  oetween  the  mask  and  the  resist- 
coated  substrate  and  a reduction  in  the  uncontrolled  geometric  distortion. 

A coherent  source  may  be  useful  for  microreplication  using  holographic 
techniques  or  for  the  recording  of  phase  contrast  images  of  samples.  Holo- 
graphic methods  will  be  discussed  further  in  Section  7. 

3 . 6 Application  to  the  Fabrication  of  Microelectronic  Components 
3.6.1  Introduction 

Conventional  photolithography  has  developed  into  a high-level  technology 
for  the  production  of  microelectronic  devices.  There  are,  however,  two 
problem  areas  that  are  am'-.nable  to  improvement  by  more  sophisticated  tech- 
niques. The  first  problem  is  low  yield  and  short  mask  life  due  to  the 
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requirement  for  contact  between  the  mask  and  substrate  during  exposure. 

The  second  area  for  improvement  is  the  resolution  limitation  caused  by 
diffraction  and  multiple  reflection  of  ultraviolet  (4000  S wavelength) 
light. 

Off-contact  techniques  have  been  developed  to  improve  yield;  however, 
the  resolution  is  degraded  by  diffraction  and  light  spreading.  Projection 
lithography  is  subject  to  lens  limitations;  however,  resolution  down  to 
0.8  ym  can  be  maintained  over  a small  field.  Step  and  repeat  techniques 
can  be  used  to  cover  a large  area  substrate  but  the  throughput  is  consider- 
ably lowered. 

X-tay  replication  techniques  have  been  proposed  which  use  very  short 
wavelength  (<50  X)  radiation.  X-ray  lithography  has  the  potential  for 
yield  improvement  over  conventional  contact  photolithography  because  pro- 
jection or  shadow  printing  can  be  used.  In  addition,  the  resolution 
limit  due  to  diffraction  or  scattering  effects  is  less  than  0.1  pm.  A 
list  of  references  on  work  not  explicitly  referred  to  in  the  text  follows 
the  bibliography  for  this  report. 

In  this  report,  various  types  of  microelectronic  components  are  dis- 
cussed and  the  gain  in  performance  or  the  reduction  in  cost  which  can  be 
achieved  by  the  application  of  x-ray  lithography  is  considered.  The 
following  prime  advantage  becomes  evident  in  this  survey:  The  fabrication 
of  microelectronic  components  by  x-ray  lithography  is  cost  effective. 

o Discrete  components  such  as  transistors,  surface  acoustic  wave 

2 

devices,  etc.  with  less  than  1 mm  area  can  be  produced  with  high 

yield  but  their  frequency  of  operation  is  limited  by  the  linewidth  of 

current  replication  processet  The  smaller  linewidths  produced  by 
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x-ray  lithopraiahy  can  extend  the  frequency  of  operation  by  at  least 
one  order  of  magnitude  and  therefore  data  can  be  communicated  and 
processed  more  rapidly.  In  most  electronic  system  applications  the 
following  axiom  is  held  in  high  esteem:  Time  is  money, 
o Large  area  components  (>5  mm^  area)  such  as  integrated  circuits, 
diffraction  gratings  and  magnetic  bubble  circuits  are  limited  in  size 
by  the  random  defects  introduced  in  the  fabrication  process.  The  yield 
of  some  complex  circuits  manufactured  today  may  be  only  5 percent. 

X-ray  lithography  offers  the  potential  to  increase  the  yield  to  50  per- 
cent, thus  reducing  the  manufacturing  cost  of  each  circuit  by  an  order 
of  magnitude.  Alternatively,  with  higher  yields  the  chip  area  can  be 
increased  thus  allowing  a more  complex  electronic  system  function  to 
be  produced  for  less  cost.  In  addition  to  yield  improvement,  the 
high  resolution  capability  of  x-ray  lithography  allows  a higher  packing 
density  of  components  within  a given  chip  area.  This  also  allows  a 
more  complex  electronic  system  function  to  be  produced  at  less  cost. 

A dramatic  example  of  this  statement  is  the  hand-held  programmable 
calculator  containing  only  two  large  scale  integrated  circuits  which 
is  orders  of  magnitude  less  costly,  less  power  consuming,  lighter, 
smaller,  and  more  reliable  than  a similar  computer  built  with  the 
small  scale  integrated  circuits  available  10  years  ago.  A high  level 
of  circui t integration  on  each  chip  leads  to  higher  reliability  and 
low  repair  costs  for  the  overall  electronic  system  because  fewer 
interconnections  are  teqxiired. 
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o A third  -ilass  of  components  cannot  be  fabricated  at  all,  except 
by  high  resolution  lithography.  These  include  gratings  for  distri- 
buted feedback  solid  state  lasers  (3600  X periodicity  for  GaAs) , 
superconducting  weak  link  and  Josephson  junction  cryogenic  de’/ices 
(<<1  pm  spacings  required  for  tunneling  phenomena) , and  integrated 
optics  (500  X edge  smoothness  required  to  reduce  scattering  in  optical 
waveguides).  A].l  of  these  devices,  if  they  can  be  economically  fabri- 
cated, will  displace  existing  components  in  high  technology  systems. 
3.6.2  Advantages  of  X-Ray  Lithography 

X-ray  lithography  offers  several  important  advantages  over  other  large 
area  replication  techniques: 

° <0.2  ym  resolution 

0 No  requirement-  to  place  the  mask  or  substrate  in  vacuum 
0 Noncontact  exposure 

° Insensitivity  to  dust  and  low  atomic  number  contamination 

” Uniform  exposure  with  depth,  vertical  profiles  in  thick  resist 

° No  reflection,  scattering,  or  diffraction 

° Linewidth  independence  of  substrate  material  or  resist  thickness 

The  last  five  points  contribute  to  improved  yield  - a primary  concern  in 

large  scale  integrated  circuit  processing. 

The  lithography  step  has  traditionally  been  the  major  source  of 

defects  in  the  processing  chain  and  thus  presents  the  greatest  opportunity 

for  yield  improvement.  Improved  photolithographic  processing  techniques 

have  contributed  substantialiy  to  increased  yield  of  devices  and  has 

2 

allowed  chip  areas  to  increase  from  the  10  mm  we  could  attain  only  5 
2 

years  ago  to  25  mm  today.  We  believe  this  trend  can  be  continued  with 
x-ray  lithography. 
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Preliminary  verification  of  improved  yield  obtained  with  x-ray 
lithography  has  been  reported  by  Bemacki  and  Smith  (19  75)  for  fabrica- 
tion of  discrete  MOS  transistors  with  2.5  pm  minimum  linewidth. 

3.6.3  Devices  with  Dimension-Dependent  Performance 

The  principal  areas  of  application  of  high  resolution  lithography 
lie  in  those  classes  of  microelectronic  devices  for  which  the  performance 
is  dependent  o.  the  arrangement  and  size  of  surface  patterns  and  for 
which  device  performance  generally  improves  as  these  patterns  are  made 
finer.  Examples  of  the  principal  resolution-dependent  microelectronic 
devices  are  'hown  in  Fig.  3.3.  Other  devices  in  this  class  but  not 
shown  include  superconducting  microstructures  and  bubble  memories. 

A quantitative  indication  of  the  increase  in  device  performance  that 

can  be  achieved  by  the  use  of  higher  resolution  lithography  is  given  in 

Figs.  3.4,  3.5,  and  3.6  for  two  of  the  types  of  devices  illustrated  in 

Fig.  3.3.  The  high  frequency  limit  of  the  microwave  field  effect  transistor 

(Fig.  3.4)  is  ultimately  limited  by  the  carrier  transit  time  between  source 

and  drain.  In  short  gate  length  devices  with  narrow  source-drain  gaps, 

the  field  will  be  high  enough  that  the  carrier  velocity  is  the  saturated 

level  (v  ),  so  that  the  maximum  or  cutoff  frequency  is  given  by  f^  = v^/ttL. 
s 

The  symbol  L is  used  in  Fig.  3.4  to  represent  the  length  of  the  critical 
dimension  for  each  type  of  device;  in  the  case  of  the  FET,  L represents 
the  gate  length.  The  dependence  of  f^  on  L is  shown  by  the  upper  two  lines 
in  Fig.  3.4,  corresponding  to  carrier  velocities  at  the  peak  of  the  GaAs 
carrier  velocity  plot,  and  to  the  high  field  saturation  level  which  is 
valid  for  both  GaAs  and  Si.  It  is  seen  from  these  theoretical  curves 


Figure  3.3.  Some  devices  with  dimension-dependent  performance. 
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(which  neglect  device  parasitic  effects)  that  FET  cutoff  frequencies 
greater  than  100  GHz  appear  possible  by  using  x-ray  lithography  techniques. 
A number  of  points  representing  perforBu^nce  data  reported  in  the  literature 
are  shown.  The  solid  dots  and  the  inverted  . riangles  represent  GaAs  and  Si 
microwave  field  effect  transistor  performance,  respectively.  The  ordinate 
position  shows  the  maximum  or  cutoff  frequency,  usually  obtained  by  extrap- 
olation of  the  maximum  available  gain  data.  These  devices  were  all  made 
by  photolithographic  pattern  definition  techniques.  In  the  case  of  the 
smallest  gate  length  (0.5  ym)  this  technique  was  pushed  to  its  limit.  It 
is  seen,  by  the  progressively  greater  deviation  of  these  points  from  the 
transit  time  limit  lines  as  L is  reduced,  that  parasitic  effects  are  also 
important  determinants  of  device  performance. 

The  three  points  in  Fig.  3.4  denoted  by  the  diamond  symbol  rej>resent 
the  oscillation  frequency  of  ring  oscillators  made  up  of  eleven  silicon 
FET's  that  were  fabricated  by  electron-beam  lithography.  The  devices 
represented  by  the  upper  point,  corresponding  to  a 1-ym  gate  length, 
oscillated  at  a frequency  of  almost  10  GHz. 

Figure  3.4  also  shows  the  performance  of  an  acoustic  surface  wave 
delay  line.  The  principal  upper  frequency  limitation  is  governed  by  the 
achievable  spacing  of  the  electrodes  which  form  the  interdigital  trans- 
ducer. In  the  fundamental  (it)  mode,  the  frequency  of  operation  of  the 
transducer  will  be  given  by  f = v/p,  where  v is  the  acoustic  surface 
wave  velocity  and  p is  the  pitch  of  the  electrode  (p  = X,  the  wavelength 
on  the  crystal).  For  the  simple  case  of  p = 4L,  where  L denotes  the 
electrode  width  and  gap,  f = v/4L;  this  relation  is  plotted  in  Fig.  3.4 
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for  wave  velocities  corresponding  to  LiNbO^.  The  points  plotted  near 
this  line  represent  a pulse  compression  filter,  fabricated  using  serial 
electron  beam  lithography,  a nondispersive  2.5  GHz  delay  line,  and  trans- 
ducer patterns  that  were  fabricated  for  operation  at  3.5  GHz  and  4.1  GHz. 
The  points  are  off  the  straight  line  because  the  electrode  width  was  less 
than  a half  period. 

The  clock  rate  of  the  charge-coupled  device  shift  register  can  also 

be  made  higher  by  the  use  of  higher  resolution  lithography.  In  this 

device  the  gap  between  electrodes  should  be  made  small  for  fast  charge 

transfer.  The  maximum  frequency  can  be  shown  to  vary  approximately  as 
2 

1/L  (where  L is  the  electrode  pitch) . The  powex"  depends  on  the  area  of 
the  CCD. 

The  effect  of  gate  length  on  device  noise  figure  for  microwave  FET's 
made  in  silicon  and  gallium  arsenide  is  shown  in  Fig.  3.5.  These  curves 
were  derived  from  published  data  and  extrapolated  slightly  to  smaller 
gate  lengths.  It  is  noted  that  the  trend  is  strongly  toward  lower  noise 
figures  with  shorter  gates,  particularly  for  silicon  and  for  gallium 
arsenide  at  the  higher  operating  frequency  (10  GHz) . The  noise  figure 
values  at  chf!  shorter  gate  lengths  compare  favorably  with  the  best  micro- 
wave  bipolar  Aasistors . 5y  employing  x-ray  lithography  to  fabricate 
FET's  with  sufamfcrou  gats  length,  and  with  further  device  optimization  for 
low  noise,  even  lower  noise  figures. could  be  obtained. 

3.6.4  Theoreticai.  Size  Limits  of  Microelectronic  Devices 

The  theoretics]  Halts  to  t'  e s .se  of  silicon  microelectronic  devices 
have  been  estimated  by  HOeneisea  and  Mead  (1972),.  For  conventional  MOS 


81 


field-effect  transistors  and  CCD  shift  registers  the  thickness  of  the 

gate  oxide  must  be  reduced  as  the  gate  length  is  reduced.  The  ultimate 

limit  is  set  by  electric  field  breakdown  of  the  gate  oxide  (Si02);  a 

practical  limit  may  also  be  set  by  the  oxide  pinhole  density.  Hoeneisen 

and  Mead  give,  as  an  example,  the  design  for  a typical  minimum  size 

MOS  transistor  which  has  0.24  ym  gate  length,  140  S gate  oxide  thickness, 
17  -3 

and  2.7  ^ 10  cm  substrate  doping  concentration.  Other  factors  which 
limit  the  device  dimensions  to  about  the  same  size  are  drain-source  punch 
through,  drain-substrate  breakdown,  drain  'corner'  breakdown,  and 
statistical  fluctuations  in  the  substrate  doping. 

Hoeneisen  and  Mead  (ibid.)  also  estimate  a minimum  size  bipolar 
transistor  where  the  smallest  lateral  element  is  the  opening  for  the 
emitter  contact  window.  In  their  example  of  a minimum  size  isoplanar 
transistor  the  emitter  dimension  is  3r  x 3r  where  r is  the  base  thickness 
The  minimum  base  thickness  is  determined  by  punch-through,  a condition 
where  the  depletion  regions  extending  from  the  emitter  and  collector 
junctions  overlap.  The  depletion  depth  is  minimized  by  high  base  doping 
concentration  up  to  the  limit  of  collector  junction  breakdown.  A voltage 
margin  must  be  allowed  for  statistical  fluctuations  and  manufacturing 
tolerances  in  the  base  doping  concentration.  The  minimum  collector-base 
voltage  for  logic  circuit  operation  is  assumed  to  be  two  diode  drops 
(1.2  V for  silicon).  This  combination  of  conditions  re.jul  .s  .1.p  a ainim-ei 
size  isoplanar  transistor  with  r = 0.07  yra  and  thus  r rcniD  jri  g-&ometry 
element  of  0.21  ym  square.  Power  dissipation  roqui’. ''•■jonts  may  limit  tJ  i 
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packing  density  of  such  transistors  to  somewhat  larger  dimensions  in  fully 

active  logic  circuits.  However,  it  should  be  possible  to  realize  these 

2 

theoretical  limits  in  a low  power  bipolar  technology  such  as  I L. 

Although  integrated  circuits  have  not  yet  been  fabricated  with  such 
small  dimensions,  it  does  appear  to  be  theoretically  possible  if  the 
limitations  of  present-day  lithography  and  etching  can  be  improved.  Dis- 
crete SBFETs  have  been  fabricated  with  0.5  dm.  channel  length  in  both 
silicon  and  gallium  arsenide  (Baechtold  et  al.  1973).  The  fabrication  of 
minimum  size  MOS  and  bipolar  devices  with  accurate  control  of  the  0.2  to 
0.25  pm  linewidths  will  require  the  use  of  techniques  such  as  x-ray 
lithography  with  resolution  capability  on  the  order  of  0,1  ym  or  better. 

Other  types  of  microelectric  devices  such  as  magnetic  bubble  and 
Josephson  junction  devices  can  also  be  made  much  smaller  than  the  present 
state-of-the-art.  Keyes  (1975)  estimates  that  magnetic  bubbles  could 
operate  with  0.01  ym  diameter  bubbles.  Josephson  tunneling  structures 

(Anacker  1974)  operate  with  tunneling  thicknesses  of  less  than  100  S and 

-14 

the  switching  energy  (<  10  J)  is  so  small  that  the  lateral  dimensions 
could  be  theoretically  reduced  to  0.1  ym  or  less  in  order  to  achieve  high 
packing  density.  Thus  the  theoretical  size  limits  of  many  types  of 
microelectronic  devices  are  less  than  1 ym  and  justify  the  development  of 
x-ray  lithography  so  that  these  devices  can  be  fabricated. 

3.6.5  Devices  Fabricated  with  X-Ray  Lithography 

Although  x-ray  lithography  is  still  a very  new  technology  the  following 
experimental  work  has  been  reported  on  device  fabrication  by  this  technique. 
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Surface  acoustic  wave  devices  were  ore  of  the  earliest  applications 
of  x-ray  lithography  because  tney  require  only  a single  masking  step. 

X-ray  replication  of  surface  acoustic  wave  device  patterns  has  been 
reported  by  Spears  and  Smith  (1972),  Smith  (1974),  and  Sullivan  and  IlcCcy 
(1975).  In  fact,  a complete  x-ray  lithography  system  for  the  fabrication 
of  surface  acoustic  wave  devices  has  been  delivered  to  the  Air  Force 
Cambridge  Research  Laboratories  (Sullivan  1975).  Patterns  with  lines  as 
small  as  0.5  pm  have  been  replicated  (Sullivan  and  McCoy  1975)  thus 
extending  the  frequency  capability  of  these  devices  above  1 GRz. 

A similar  component  (one  mask  level,  small  area,  high  resolution) 
which  has  been  fabricated  by  x-ray  lithography  is  a Fresnel  zone  plate. 
These  devices  are  useful  for  x-ray  focusing.  Lines  as  small  as  1000  S 
wide  were  x-ray  replicated  (Feder  et  al.  1976)  with  a carbon  K source 
(44  R wavelength)  and  with  synchrotron  radiation  (Spiller  et  al.  1976). 

Another  application  which  requires  only  one  masking  step  is  the 
fabrication  of  magnetic  bubble  circuits.  These  circuits  cover  a much 
larger  area  than  SAW  devices.  Patterns  of  this  type  have  been  x-ray 
replicated  by  Maydan  et  al.  (1975),  Watts  et  al.  (1976),  and  Spiller 
et  al.  (1976).  The  small,  well-defined  lines  obtained  by  x-ray  lithography 
are  advantageous  in  order  to  achieve  a high  packing  density  in  the  memory 

circuits. 

A similar  application  (one  mask  level,  large  area)  demonstrated  by 
Spiller  et  al.  (1976)  is  the  x-ray  replication  of  large  quantities  of 
submaster  and  working  x-ray  masks  from  a master  mask. 
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The  unique  properties  achieved  by  x-ray  exposure  of  a high  resolution 
resist  with  no  scattering  effects  allowed  Neureuther  and  Hagouel  (1974) 
to  fabricate  blazed  diffraction  gratings. 

In  order  to  take  advantage  of  the  high  resolution  capability  of  x-ray 
lithography  for  silicon  device  and  integrated  circiiit  fabrication,  a 
corresponding  increase  in  the  precision  of  mask  alignment  must  be  achieved. 
Some  effort  in  this  area  has  been  reported  by  McCoy  and  Sullivan  (1974, 
1976) . To  date  the  only  devices  of  this  type  fabricated  by  x-ray  lithog- 
raphy have  been  i'mited  to  conventional  geometries  by  available  alignment 
techniques.  Bemacki  and  Smith  (1974)  reported  the  fabrication  of  p-n 
junction  diodes  with  minimum  linewidths  of  2.5  U®,  bipolar  transistors 
with  minimum  linewidths  at  10  ^m,  and  MOS  transistors  with  minimum  line- 
width  of  2.5  ym  (Bernacki  and  Smith  1975).  All  of  these  devices  performed 
as  well  as  similar  devices  fabricated  by  photolithography;  there  was  no 
degradation  of  performance  due  to  x-ray  exposure. 

2,6.6  Other  Small  PeArices  Fabricated  by  Electron  Beam  Lithography 

While  the  following  microelectronic  components  have  not  yet  been 
fabricated  by  x-ray  lithography,  performance  advantages  have  been  demon- 
strated in  small  linewidth  devices  fabricated  by  scanning  electron  beam 
lithography. 

A performance  comparison  between  devices  and  IC's  fabricated  by 
electron  beam  and  by  conventional  lithography  is  given  in  Fig.  3.6.  The 
two  points  marked  EB  on  the  right  side  of  this  figure  represent  the 
performance  of  the  FET  ring  oscillator  plotted  in  Fig.  3.4,  and  an  FET 
NAND  circuit.  From  simple  scaling  considerations  the  maximum  frequency 
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(inverse  minimum  propagation  delay)  length). 

The  power  per  device  will  vary  approximately  as  L^z  (where  2 is  the  gate 
width).  Thus,  the  speed-power  product  P-t^^  win  vary  roughly  as  ih. 

Comparing  the  CMOS  data  in  Fig.  3.6  (devices  made  with  roughly  5 Pm  design 

rules)  with  the  electron-beam-fabr IcateH  Hotr-trmca  j 

<-ated  devices,  we  see  a decrease  by  a 

2 

factor  of  MO  . Thus,  the  devices  with  smaller  dimensions  exhibit  roughly 

the  expected  performance  gain.  Even  better  performance  should  result  from 
devices  with  submicrometer  gate  length. 

The  values  of  propagation  delay  observed  experimentally  for  the  two 

devices  made  by  electron  beam  lithography  show  that  there  is  no  electronic 

will  limit  the  frequency  nf  an  tp  mej  .,>..1-  i 

T y or  an  IC  made  with  1 pm  design  rules 

to  less  than  10  GHt.  The  power  per  n-e..  -u  - . 2 

P gate  can  be  expressed  roughly  as  fCV  , 

therefore,  power  will  Increase  wlrh  operating  fre.nency.  Let  us  see  if 
powet  dissipation  will  form  a limit  on  freguency.  With  1 pm  design  rules, 

a gate  density  of  approximately  5 x lo^cm^  is  possible.  Since  each  gate 

must  dissipate  about  0.8  mW  (-^0.1  nj  m -i.  a.  . 

\ pj  at  10  GHz),  the  power  dissipation 

capability  of  the  IC  must  be  4 x if/  2 , 

w/cm  . While  this  value  is  very  high 

by  conventional  IC  standards,  it  is  le«?e!  rWcn  ft,,,  j a . , 

less  than  the  power  density  typical 

of  microwave  solid  state  devices.  For  example,  the  power  density  at  the 

device-heat  sink  Interface  of  a Ka  band  silicon  IMPAIT  is  -x  10®  W/cml 

The  reason  that  this  high  power  denslfv  nan  e 

° ^ sicy  can  be  sustained  with  tolerable 

temperature  rise  is  that  the  heat  flow  awav  from  m,-!  c ..  i 

J.UW  away  irom  this  tiny  area  takes  place 

in  the  two  lateral  directions  as  well  as  the  perpendicular.  This  well- 
developed  technology  used  in  microwave  devices  can  be  applied  to  high 
performance  Inregrered  clrculrs.  It  can  be  shown  that  20,000  gates  can  be 
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made  on  a 2 mm  x 2 mm  chip  and  the  power  corresponding  to  an  8 GHz  operating 
frequency  dissipated  without  excessive  temperature  rise.  At  the  lower  left 
of  Fig,  3.6  we  show  projections  of  CCD  memories  made  with  2 ym  and  0.2  ym 
minimum  design  rules.  Since  power  in  these  devices  varies  as  area,  it  is 
clear  that  the  way  to  low  speed-power  product  is  through  high  resolution 
lithography. 

A GaAs  Schottky  barrier  FET  has  been  fabricated  with  a 0.5  ym  wide 
gate  electrode  by  Ozdemir  et  al.  (1976).  This  transistor  had  a gain  of 
8 dB  at  18  GHz. 

An  X-band  transistor  with  1.0  ym  wide  emitter  contacts  was  fabricated 
by  scanning  electron  beam  lithography  by  Kruger  et  al.  (1975),  Compared  to 
a convent:,  lal  transistor  with  1,25  ym  wide  contacts,  it  exhibited  a 25 
percent  improvement  in  power  added  efficiency  at  10  GHz  and  the  fabrication 
yield  was  improved  by  a factor  of  10. 

An  8,192  bit  random  access  memory  chip  (MOS  FET)  has  been  made  with 
1.25  ym  minimum  linewidths  by  scanning  electron  beam  lithography  by  Yu  et  al. 
(1975).  It  operated  with  an  access  time  of  only  90  nsec. 

3.6.7  Benefits  of  X-Ray  Lithography  - Summary 

Significant  benefits  to  the  microwave  solid  state  and  microelectronics 
fields  by  the  use  of  x-ray  lithography  are  seen.  These  benefits  are  summarized 
in  the  chart  below. 

There  are  two  types  of  benefits  foreseen.  First:  Increased  device  or 
IC  performance  that  require  the  achievement  of  surface  electrode  dimensions 
that  are  unattainable,  as  a practical  matter,  by  the  use  of  photolithography. 
Since  device  and  IC  performance  have  been  pushed  to  their  limits  using 
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contemporary  techniques,  and  there  is  system  demand  for  further  performance 
growth,  the  implementation  of  advanced  fabrication  technologies  is  vital. 

Secondly,  by  the  use  of  smaller  devices  to  form  integrated  circuits 
a higher  level  of  integration  is  possible  on  a chip.  The  smaller  number  of 
contacts  per  function  and  smaller  silicon  area  required  per  function  should 
result  in  significant  yield  and  therefore  cost  improvements.  The  smaller 
silicon  area  and/or  the  use  of  fewer  integrated  circuits  per  system  should 
result  in  higher  reliability. 

It  is  also  very  important  to  recognize  that  these  benefits  can  accrue 
by  using  this  new  technology  well  within  its  operational  limits.  The  most 
useful  region  of  resolution  (e.g.,  0.5  to  1 pm)  is  outside  of  the  photo- 
lithographic regime,  but  is  well  above  the  ultimate  limit  (<0.1  ym)  of  x- 
ray  lithography. 

Table  3.1 


HIGHER  PERFORMANCE 

Microwave  FET  - Higher  Frequency 
- Lower  Noise 

Integrated  Circuits  - Higher  Speed 

- Lower  Power 

Acoustic  Surface  Wave  Devices  - Higher  Frequency 

- Broader  Bandwidth 


LOWER  COST  PER  FUNCTION 

By  Higher  Integration  on  Chip 

By  Higher  Yield  Without  Contact  Lithography 

HIGHER  RELIABILITY 

Lower  Silicon  Area /Function 
Fewer  System  Interconnections 

NEW  TECHNOLOGY 

These  benefits  Accrue  Without  Using  X-Ray  Lithography 
Near  Its  Resolution  Limit 
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Having  determined  some  basic  parameters  for  the  various  applications  of 
x-ray  lithography,  the  advantages  of  x-ray  laser  radiation  over  conventional 
sources  are  now  clear.  First,  the  source  intensity  will  be  high  enough  to 
lead  to  exposure  times  of  grainless  media  measured  in  seconds  rather  than 
hours.  This  is  particularly  important  for  mass-production  where  the  advan- 
tage of  x-ray  lithographic  methods  of  simultaneously  producing  many  copies 
must  not  be  counteracted  by  the  long  exposure  times  that  presently  characterize 
this  approach.  Second,  as  will  be  discussed  more  fully  subsequently,  the 
advantage  of  data  storage  by  holography  may  be  realized  at  x-ray  wavelengths. 
The  early  promise  of  data  storage  by  optical  holography  which  depended  on 
improved  discrimination  against  dust  particles,  scratches  on  the  recording 
material,  etc.,  has  never  fully  come  to  pass  because  of  the  concurrent 
improvement  in  orthodox  optical  methods.  With  x-ray  holography,  the  advantage 
of  spreading  the  information  over  areas  large  compared  with  a pm,  say,  becomes 
significant  as  optical  methods  will  no  longer  be  available  at  the  bit  densities 
envisaged. 

Third,  the  inherent  monochromaticity  and  narrow  linewidth  of  the  laser 
source  can  provide  enhanced  contrast  by  judicious  utilization  of  absorption 
edges.  Fourth,  chromatic  aberration  to  which  most  x-ray  op  '.cs  are  prone  will 
be  absent,  making  it  possible  in  particular  to  utilize  the  large  gathering 
power  of  zone  plates  in  imaging  systems.  Fifth,  the  excellent  collimation  of 
the  ultimate  x-ray  laser  will  not  lead  to  the  problems  of  penumbral  blurring 
and  geometric  distortion,  which  limit  the  resolution  obtainable  by  conven- 
tional means,  thereby  yielding  improved  geometrical  fidelity. 
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The  most  serious  disadvantage  with  this  application  of  x-ray  lasers  is, 
of  course,  the  economics.  But  it  should  be  appreciated  that  an  x-ray  laser 
facility  would  presumably  not  be  used  exclusively  for  a particular  applica- 
tion. Rather,  it  would  be  user  oriented  much  like  the  various  synchrotron 
facilities  and  other  particle  accelerators,  and  the  high-power  infrared  laser 
installations  built  in  recent  years.  A particular  facility  would  thus  be 

available  to  a large  number  of  research  groups  covering  among  them  a large 
number  of  applications. 


I 

i 
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4. 


MEDICO-RADIOLOGICAL  APPLICATIONS 


The  use  of  monoenergetic  x rays  for  radiological  applications  has 
been  discussed  and  investigated  in  many  laboratories  since  the  early 
1950' s.  Practical  use  for  these  has  been  limited  both  for  research  and 
clinical  applications  by  the  lack  of  adequate  sources. 

4 . 1 Differential  Absorption 

Two  important  applications  of  monoenergetic  x rays  in  modern  diag- 
nostic radiology  and  in  physiological  research  are:  the  improvement  of 
the  contrast  obtained  in  radiographs,  and  the  quantitative  determination 
of  heavy  elements  in  vivo.  These  applications  were  first  discussed  by 
Jacobson  (1953)  who  termed  this  technique  dichroraography . The  terminology 
was  meant  to  describe  a technique  which  uses  the  absorption  differentials 
between  two  or  more  x rays  of  different  wavelengths  for  the  production  of 
a roentgenogram,  showing  the  distribution  of  given  elements  in  an  organ, 
or  for  the  determination  of  the  concentration  of  such  an  element  in  the 
organ  of  interest.  One  example  might  be  the  determination  of  the  iodine 
content  of  the  thyroid  gland.  This  is  easily  done  in  principle,  for 
example,  by  the  measurement  of  the  difference  in  absorption  of  two  wave- 
lengths lying  close  to  but  on  different  sides  of  the  K-edge  of  the  element 
of  interest  (Engstrom  1946).  Because  of  the  difficulty  in  measuring  small 
density  differences  on  film,  Jacobson  (1953)  has  suggested  a slightly 
different  approach  which  he  called  continuous  dichromography . However, 
it  has  been  shown  recently  (Bailey  and  Crepeau  1975)  that  using  video 
techniques  and  simple  computer  processing,  a differential  absorption  of 
less  than  1 percent  can  be  detected  with  a statistical  certainty  of  better  than 
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97  percent.  Another  approach  to  this  problem,  using  a multi-wavelength 
technique,  will  be  discussed  below.  The  technique  proposed  by  Jacobson 
and  others  would  make  a useful  adjunctive  procedure  in  radiology. 

4.1.1  Sensitivity  and  Contrast 

A series  of  applications  using  both  animals  and  patients  was 
described  by  Edholm  and  Jacobson  (1959).  After  intravenous  injection 
of  an  iodine  containing  contrast  agent  in  rabbits,  both  the  actual 
iodine  content  and  its  distribution  in  the  body  were  studied  as  a function 
of  time  after  injection.  The  method  was  also  used  to  study  the  iodine 
content  in  the  blood,  bile,  and  urine  of  cholecystectomized  human  subjects. 
These  experiments  utilized  compensating  wedges  to  provide  the  required 
sensitivity  (continuous  dichromography) . To  improve  the  method  these 
authors  suggest  the  use  of  4 wavelengths  and  4 wedges  (soft  tissue,  fat, 
bone,  and  iodine).  Even  with  the  limited  intensities  they  had  available, 
readings  only  required  about  1 sec  of  x-ray  exposure.  Another  major 
advantage  which  they  found  was  that  only  approximately  0.1  of  the  normal 
contrast  agent  concentration  was  required.  This  is  of  major  importance 
since  both  the  number  and  severity  of  contrast  agent  reactions  increase 
with  the  amount  injected. 

4. 2 Fluoroscopy 

In  their  original  experiments  a secondary  x-ray  beam  was  generated 
by  using  the  90°  scatter  from  a target  irradiated  by  the  usual  inhomo- 
geneous beam.  This  results  in  a beam  having  a majority  of  its  photons 
at  the  characteristic  wavelength  of  the  scatterer.  The.  source (s)  of 
monochromatic  x rays  used  in  their  later  work  was  not  discussed. 
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Ort  et  al.  (1973)  using  the  same  principle,  have  described  an  elec- 
tronic subtraction  technique  for  fluoroscopically  generated  images. 

They  concentrated  on  the  imaging  of  periodic  contrast  changes  such  as 
found  in  the  lungs  and  the  cardiovascular  system.  They  generated  quasi- 
monoenergetic  x rays  by  filtration  of  the  usual  Inhomogeneous  clinical 
x-ray  sources.  To  record  these  time  dependent  images  the  filters  were 
mounted  on  a revolving  disc  driven  at  the  proper  rate. 

For  jji,  vivo  applications  this  method  can  only  be  used  to  detect 
elements  which  have  a K-absorption  edge  above  20  keV  since  the  x rays 

used  must  have  sufficient  penetration  to  make  their  use  feasible  with 
human  subjects. 

A more  general  paper  describing  the  results  obtained  with  the 
fluoroscopic  imaging  technique  was  published  by  Mistretta  et  al.  (1973), 
They  point  out  that  the  advantages  of  this  approach  are:  it  is  a low  cost 
addition  to  standard  clinical  apparatus,  it  eliminates  the  need  for  a 
scanning  detector  when  images  of  the  distribution  of  the  element  of 
interest  are  desired,  it  eliminates  the  need  for  administering  radioactive 
drugs  in  certain  instances,  and  it  provides  images  with  higher  resolution. 
Imaging  times  are  of  the  order  of  1 sec.  In  the  case  of  iodine  they  found 
each  mg/cm  of  concentration  in  soft  tissue  gives  rise  to  a differential 
absorption  signal  of  approximately  1 percent.  The  filters  used  in  this 
work  were  composed  of  iodine  and  cerium. 

Jacobson  (1964)  had  also  devised  a similar  technique  using  crystal- 
photomultiplier  detectors  and  an  analog  computer  to  process  the  data. 

The  system  used  both  a reference  and  an  object  beam,  each  having  a series 
of  absorption  wedges  (3)  and  3 wavelengths  generated  by  a special  x-ray  tube. 
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This  tube  had  mdary  radiators  or  targets  residing  within  the  tube 
envelope.  Usi-  lis  equipment  and  his  modified  technique  he  was  able 
to  determine  iodine  content  in  vivo  to  an  accuracy  of  about  ±20  percent. 

His  study  also  included  making  bone  density  profiles  on  two  groups  of 
patients,  one  a control  group  and  the  other  osteoporotic.  As  he  cor- 
rectly points  out,  the  method  gives  for  the  first  time  a technique  which 
has  application  in  any  situation  where  a pathological  condition  may  have  or 
has  resulted  in  a change  of  elementary  composition. 

4.3  Dosage  and  Sensitivity 

A project  designed  to  provide  information  on  photon  flux  requirements 
for  accurate  quantitation  of  several  elements  in  vivo  was  described  by 
Atkins  et  al.  This  study  utilized  semiconductor  detectors  which  gave  the 
system  the  capability  of  responding  simultaneously  to  several  monochromatic 
beams.  Because  of  the  high  resolution  capabilities  of  the  semiconductor 
detectors,  they  have  the  ability  to  separate  beams  close  together  in  wave- 
length. Three  beams  were  used  (one  for  reference)  but  of  course  no  filters 
were  required.  They  were  again  limited  by  low  beam  intensity.  They  con- 
cluded that  to  determine  concentrations  of  iodine  in  the  thyroid  of  1 mg/ cm 
6 2 

requires  10  photons/cm  in  each  beam. 

In  a recent  article  Kelcz  and  Mistretta  (1976)  reported  the  results 
obtained  with  their  fluoroscopic  technique  using  a three  filter  method. 

They  found  that  by  using  carefully  selected  filters,  and  logarithmic  image 
processing  they  were  able  to  present  difference  images  in  which  only  the 
element  of  interest  was  visualized. 
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The  usefulness  of  monoenergetic  x rays  having  wavelengths  bracketing 
certain  absorption  edges  for  increasing  roentgenographic  contrast  has  also 
been  discussed  recently  by  Atkins  et  al.  (1975).  This  work  included  a 
rather  comprehensive  investigation  of  x-ray  spectra  produced  by  diagnostic 
apparatus  and  the  effects  of  various  types  of  filtration  using  characteristic 
absorption  edges  in  creating  a band  pass  effect.  They  found  for  example 
that  the  use  of  gadolinium  filtration  increased  the  contrast  for  both  iodine 
and  barium.  A further  bonus  found  with  this  type  of  system  is  a decreased 

patient  dose. 

The  development  of  computerized  tomography  (CT)  has  resulted  in  a new 
and  dramatic  improvement  in  medical  imaging  technology.  Its  impact  on 
neuroradiological  procedures  has  resulted  in  improved  diagnosis,  and  the 
elimination  of  traumatic,  complicated,  and  both  time  consuming  and  costly 
procedures  while  reducing  morbidity  and  mortality  statistics.  It  has 
increased  the  radiologist's  capability  to  visualize  structures  having 
minimal  differential  attenuation  between  themselves  and  surrounding  tissues. 
The  technique  is  now  rapidly  expanding  into  imaging  of  other  regions  of  the 
body.  Since  the  resultant  image  is  reconstructed  from  a matrix  of  attenuation 
coefficients,  the  accuracy  with  which  each  matrix  element  is  determined  and 
their  relative  values  will  depend  on  the  beam  quality  not  varying  as  it 
traverses  the  patient.  With  the  usual  inhomogeneous  x-ray  beam,  even  after 
filtering,  beam  hardening  (preferential  absorption  of  the  low  energy  compo- 
nents) takes  place.  The  use  of  a monoenergetic  beam  would  eliminate  this 

prob lem. 

The  above  examples  clearly  illustrate  the  need  and  desire  for  mono- 
energetic x-ray  sources  having  sufficient  intensity  and  the  proper 
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wavelengths  for  a number  of  applications  of  diagnostic  importance  in  clinical 
medicine  and  for  physiological  studies.  In  the  case  of  thyroid  disease, 
iodine  content  of  the  thyroid  ('^2  mg/cm^)  and  its  distribution  in  the  gland 


is  of  significance.  In  the  case  of  osteoporotic  patients  quantitative 
studies  of  calcium  or  bone  mineral  content  are  highly  significant  as  is  its 
cross  sectional  distribution  in  the  bone.  A third  application  which  uses 
quasi  monoenergetic  x rays  for  many  diagnostic  studies  is  mammography. 

Here  the  usual  tungsten  target  x-ray  tube  is  replaced  by  one  with  a 
molybdenum  target.  When  used  at  a low  potential  such  as  that  required  for 
mammography  ('^^35  kVp)  the  emission  ('^>17  keV)  is  a significant  contri- 
butor to  the  total  x-ray  flux  incident  on  the  object  to  be  radiographed. 

An  obvious  improvement  would  result  if  the  higher  energy  bremsstrahlung 
component  were  completely  absent  as  with  x-ray  laser  radiation. 

For  the  determination  of  the  required  flux  levels  one  must  decide  on 
a technique,  a level  of  accuracy,  and  the  resolution  desired.  For  example, 
if  one  wishes  to  determine  whether  two  areas  have  equal  densities,  the 
flux  requirements  (statistical) , or  the  number  of  quanta  which  must  be 
terminated  by  the  object  varies  inversely  with  the  largest  permissible 
error  one  wishes  to  tolerate.  For  example,  if  the  largest  permissible 
error  is  to  be  1 percent,  then  8 x 10^  quanta  must  be  terminated  by  the 
object.  For  a 0.1  percent  error  this  number  would  rise  to  8 x 10  . To 
determine  concentrations  of  1 mg/ cm  of  iodine  in  the  thyroid  requires 
a flux  of  about  10^  photons/cm^.  This  would  require  a flux  of  about 
200  times  this  amount  incident  on  the  patients'  skin  ('^10  mR)  . For 
thicker  body  parts  a flux  of  about  5 times  this  amount  would  be  required. 
The  resolution  requirements  have  been  calculated  by  Kelcz  and  Mistretta 
(1976).  The  following  graph  (Fig.  4.1)  is  from  this  publication. 
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Figure  4.1.  Statistically  limited  resolution  plotted  as  a function  of 
patient  exposure. 

4 . 4 Holographic  Imaging 

Three-dimensional  presentations  of  organs  or  portions  of  the  body 
at  depths  would  be  useful  for:  diagnosis  of  abnormal  anatomical  situa- 
tions produced  by  congenital  abnormalities  or  disease  processes,  analysis 
of  extent  and  geometry  of  tumors,  the  location  of  tumor  masses  with 
respect  to  normal  structures,  and  the  dynamic  changes  associated  with  the 
functions  of  the  various  organ  systems. 

A two-step  method  for  holographically  recording  3-dimensional  images 
of  incoherently  illuminated  objects  was  described  by  McCrickerd  and 
George  (1968).  In  this  method,  the  holographic  stereogram  is  a multi- 
plexed plate  made  by  holographically  recording  a series  of  ordinary 
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photographic  transparencies  on  a single  photographic  plate.  The  use  of 
this  technique  for  producing  3-dimensional  x-ray  pictures  was  first 
described  by  Redman  (1968)  and  !<  .er  by  Shuttleworth  et  al.  (1969). 

These  early  attempts  at  3-dimensional  roentgenography  required 
special  equipment  and  resulted  in  a large  patient  dose.  Using  a different 
concept,  Baily  et  al.  (1971)  made  use  of  tomographic  sections  made  on 
conventional  clinical  tomographic  units.  Each  of  the  body  sections  was 
multiplexed  over  the  entire  area  of  the  holographic  plate.  The  film-to- 
plate  distances  were  made  proportional  to  the  corresponding  distances  of 
the  x-ray  target  from  the  central  planes  of  the  tomographic  sections. 
Reconstruction  is  effected  in  the  usual  manner.  This  yields  a virtual 
image  for  each  tomogriphic  section  hologrammed  and  all  of  these  are  viewed 
simultaneously  from  the  emulsionless  side  of  the  plate.  A steroscopic 
image  of  the  object  is  the  result.  The  results  using  two  physical  objects 
wete  found  to  be  qtiite  satisfactory  for  applications  in  radiation  therapy 
treatment  planning.  A further  investigation  showed  that  the  same  process 
was  applicable  to  the  study  of  anatomical  structures  (Baily  et  al.  1971). 
These  authors  produced  a 3-dimensional  representation  of  the  lumbar  verte- 
brae. Tfiis  holographic  presentation  consists  of  the  detailed  anatomical 
information  present  in  each  of  the  in-focus  levels  represented  by  the 
individual  tomographic  sections.  Details  on  x-ray  holographic  techniques 
are  given  in  Section  7. 

4.4.1  Photon  Energy  and  Dosage 

Tlie  x-ray  energy  requirements  for  roentgenographic  imaging  are 
generally  in  the  range  of  60  to  125  kVp . The  effective  energy  range  in 


terms  of  monoenergetic  radiation  is  40  to  70  keV.  High  speed  film  requires 
approximately  1 mR  for  producing  a film  of  density  = unity.  The  loss 
(absorption  plus  scatter)  of  x rays  incident  on  the  object  varies  from 
about  50  to  10^.  This  therefore  places  a requirement  on  the  beam  intensity 
of  approximately  10^^  photons/cm^.  Since  patient  movement  must  be  avoided, 
this  flux  liust  be  delivered  in  a time  of  0.1  sec  or  less  for  routine  appli- 
cations and  in  times  of  the  order  of  a few  millisecs  for  some  angiographic 
applications . 

4 . 5 Microprobe 

There  are  at  least  two  applications  which  the  extremely  small  diameter 
of  the  expected  x-ray  laser  beam  would  be  a real  asset.  The  first  of  these 
would  be  for  microirradiation  studies.  The  application  of  a laser  beam 
for  such  studies  was  originally  described  by  Bessis  (1962).  Since  that 
time  there  have  been  many  studies  of  this  technique  and  which  have  been 
summarized  in  a recent  review  by  Berns  et  al.  (1976).  There  appear  to  be 
two  major  areas  for  such  studies.  First,  we  have  studies  that  describe 
the  effects  of  small  b'^ams  on  the  cell  and  second,  studies  that  use  the 
beam  as  a tool  to  study  cell  function.  Cell  function  is  studied  by 
irradiating  various  subcellular  structures.  These  experiments  require 
beam  diameters  as  small  as  0.25  Pm.  The  studies  are  carried  out  through 
the  use  of  time  lapse  photography.  The  energy  densities  which  have  been 
used  range  from  25  pJ/pm  to  10  pJ/pm  . The  availability  of  x-ray  wave- 
lengths would  simplify  such  studies  since  no  dyes  to  facilitate  absorption 
of  particular  wavelengths  would  be  required,  thereby  giving  greater  flexi- 
bility to  the  investigator. 
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The  rapid  growth  in  the  use  of  laboratory  studies  for  diagnostic 
procedures  in  medicine  has  supplied  the  impetus  for  the  development  of 
many  automated  procedures  designed  to  increase  speed,  thereby  making 
information  available  in  a timely  fashion,  and  to  reduce  patient  cost. 

One  of  the  more  spectacular  successes  has  been  the  development  of  laser 
flow  microphotometry  for  the  analysis  and  sorting  of  cells  using  a 
continuous  flow  of  cells  in  suspension.  This  development  was  originally 
described  by  Van  Dilla  et  al.(1969).  Present  systems  allow  quantitative  mea- 
surements to  be  made  of  the  optical  properties  of  individual  mammalian 
cells.  The  optical  pulses  are  detected,  etc.  and  analyzed  using  i.uclear 
spectroscopic  techniques.  The  availability  of  x-ray  lasers  would  allow 
one  to  expand  such  studies  so  that  x-ray  fluorescence  analysis  could  also 
be  used.  These  might  also  replace  some  light  scattering  studies  where 
the  use  of  dyes  and  staining  techniques  are  not  really  appropriate.  Three 
major  advantages  of  such  systems  are:  rapid  quantitative  measurements  are 

4 

possible  on  large  numbers  of  cells  (5  x 10  cells/min) ; high  statistical 
precision;  measurements  on  individual  cells  within  a population  are  now 
possible  with  this  method.  In  addition  to  fluorescence  measurements,  light 
scattering  studies  have  been  used  as  indicators  of  size,  internal  structure, 
and  surface  detail.  Monochromatic  x radiation  in  a small  diameter  beam 
from  an  x-ray  laser  should  be  even  more  useful  for  such  studies. 

Some  new  areas  which  might  be  approached  using  x-ray  wavelengths  are: 

1)  Measurement  of  the  distribution  of  angular  scattering  for  cell 
identification. 

2)  Absorption  measurements  on  single  cells. 

3)  X-ray  fluorescence  analysis. 
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5 . METALLURGICAL  APPLICATIONS 


Since  x-ray  techniques  with  conventional  sources  have  been  used  for 
many  years  to  study  the  composition,  weld  integrity,  surface  contamination, 
and  many  other  properties  of  metals,  it  is  to  be  expected  that  access  to 
the  intense,  monochromatic,  and  well-collimated  beam  from  an  x-ray  laser 
would  have  a large  number  of  advantages,  opening  up  areas  of  Investigation 
previously  hardly  accessible.  We  sketch  below  some  of  the  more  important 
areas  in  metallurgy  that  will  benefit  from  the  availability  of  such  a 
source.  Some  applications  have  already  been  realized  with  the  aid  of 
synchrotron  radiation.  In  view  of  the  drawbacks  mentioned  earlier  (Sec- 
tion 2)  of  this  source,  one  expects  considerable  improvement  in  resolution 
and  exposure  times  with  a still  more  intense  beam  of  properly  chosen 
wavelength. 

5-1  X-Ray  Penetration  in  Metals 

An  important  aspect  of  metallurgical  studies  in  the  examination  of 
the  surface  of  metals  for  hardness  and  for  the  presence  of  wear.  These 
properties  are  closely  related  to  such  surface  layer  parameters  as 
crystallite  size  and  average  strain  which  in  turn  are  con.-eniently  studied 
by  x-ray  diffraction.  To  examine  the  usefulness  of  x rays  for  such  surface 
studies  it  is  useful  to  list  a number  of  conventional  sources  and  the 
degree  to  which  their  radiation  penetrates  in  various  metals.  This 
penetration  depth  follows  readily  from  values  for  the  mass  absorption 
coefficients  at  various  wavelengths  and  metal  densities  given,  for  instance, 
by  AIP  (1963,  Ch.  8).  From  Table  5.1  given  by  Bienenstock  (1975)  it  will 
be  seen  that  in  iron  regions  varying  in  thickness  from  4 to  64  ym  can  be 
probed  by  a judicious  choice  of  incilent  wavelengths;  for  Cu  tne  range 
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is  from  4 to  42  pm,  while  for  Mo  layers  from  2 to  78  pm  can  be  probed. 

The  effective  depths  of  material  which  contribute  to  a diffraction  peak 
is  x/sin  0 with  X the  depth  and  9 the  Bragg  scattering  angle. 

5.2  Surface  Studies 

There  remains  a controversy  whether  the  surface  of  a work-hardened 
crystal  is  soft  (Fourie  1968)  or  hard  (Kramer  1968).  This  question  is 
closely  related  to  the  surface  microstructure.  Unfortunately,  probes 
of  the  surface  or  a cross-section  of  it  by  micro-hardness  measurements 
are  suspect  because  interaction  effects  in  the  tests  extend  over  a ym 
range.  Studies  by  transmission  electron  microscopy  are  of  doubtful  value 
because  image  stresses  produce  changes  in  dislocation  structure  and  loss 

of  dislocations. 

The  requirement  of  small  depth  gauging  implies  operating  near  an 
absorption  edge  where  fluorescent  decay  is  an  undesirable  concomitant 
which  can  only  be  removed  by  elaborate  procedures  involving  pulse-height 
analyzer  systems.  Tunability  of  the  radiation  source  is  important  as  we 
can  then  work  arbitrarily  near  the  absorption  edge  leading  to  the  desired 
small  penetration  depth.  The  use  of  continuous  synchrotron  radiation  has 
in  fact  been  proposed  (Bienenstock  1975).  This  source  has  the  further 
advantage  of  high  intensity  which  becomes  important  for  studying  the 
lighter  elements.  However,  because  of  the  problem  of  fluorescence  it 
becomes  necessary  to  use  monochromators  with  a loss  of  intensity.  More 
seriously,  perhaps,  the  very  advantage  ntensity  now  becomes  a 

disadvantage  because  of  the  production  o.  uarmonic  multiples  by  the 

monochromators  (cf.  Section  2.4).  These  must  be  filtered  out,  leading  to 
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further  signal  degradation.  A tunable  x-ray  laser  would  suffer  from  none  of 
these  drawbacks  while  retaining  the  advantage  of  high  intensity. 

Directly  related  to  the  hardness  of  a metal  surface  is  the  problem 
of  determining  wear.  A new  theory  by  Suh  (1974)  is  based  on  the  existence 
of  a soft  layer  at  worn  metal  surfaces.  The  determination  of  such  a layer 
would  be  facilitated  by  accurate  methods  for  deducing  dislocation  cell 
structures  (crystallite  size  and  average  strain)  in  the  0.5  to  5 ym  depth 
range.  The  results  would  be  relevant  to  possible  non-destructive  evaluation 
of  wear  of  engine  parts,  for  example,  by  oil  analysis  rather  than  by 
maintenance  inspection.  Bienenstock  (1975)  has  proposed  to  ascertain  the 
existence  of  the  soft  layer  postulated  by  Suh  by  careful  measurement  of 
diffraction  line  shapes  from  the  surface.  Their  Fourier  components  to 
different  orders  of  reflection  are  compared  and  the  crvstallite  size  and 
strain  effects  separated.  This  separation  is  carried  out  at  different 
wavelengths  such  that  the  diffraction  contribution  from  a depth  of  one 
surtace  layer  can  be  compared  with  that  from  twice  this  depth.  On  the 
basis  of  this  information  it  should  then  be  possible  to  infer  whether  a 
soft  surface  layer  indeed  overlays  a harder  subsurface.  It  appears  that 
resolution  requirements  are  not  severe  as  they  are  in  the  100-300  eV  range. 

Another  potential  application  of  this  method  for  surface  character- 
ization is  for  testing  polished  molybdenum  mirrors  which  have  been  sug- 
gested for  use  in  focusing  high  power  infrared  laser  beams.  It  may  be 
that  the  reflectivity  and  breakdown  thresholds  are  set  by  the  presence 
of  crystallites  in  the  skin  depth  ('vQ.l  ym) . Bienenstock  (1975)  thus 
suggests  correlating  the  linewidths  of  diffracted  radiation  with  reflec- 
tivity and  breakdown  threshold  to  facilitate  quality  control  measurements. 


105 


Ag  radiation  (%0.56  8)  was  proposed  for  this  purpose  but  an  x-ray  laser 
in  this  wavelength  range  would  clearly  be  superior  because  of  beam  size  and 
intensity.  Minimum  defect  structures  in  waveguides  and  heterojunctions 
could  be  similarly  determined. 

Special  x-ray  techniques  have  been  developed  for  examining  near-surface 
dislocation  structures  by  Berg  and  Barrett  (Barrett  1945)  and  for  transmission 
through  relatively  thin  crystals  by  Lang  (1059).  In  the  Berg-Barrett  tech- 
niques, for  example,  a beam  of  x-rays  falling  on  a surface  at  arbitrary 
incidence  will  be  coherently  reflected  at  the  Bragg  angles.  Information 
about  local  variations  in  surface  structure  can  thus  be  obtained  by  employing 
grazing  incidence  and  recording  the  locally  diffracted  beams.  Grain  and 
sub-grain  structures  are  exhibited  by  variations  in  image  contrast.  The  high 
intensity  x-ray  laser  would  be  an  excellent  source  for  these  procedures  leading 
to  shorter  exposure  times  with  less  background  noise.  For  the  Berg-Barrett 
technique  the  use  of  longer  wavelength  radiation  would  also  have  the  advantage 
of  thinner  penetration. 

5 . 3 Radiographic  Nondestructive  Testing 

An  important  potential  area  of  application  of  x-ray  lasers  is  that  of 
autoradiographic  nondesttucLi V'S  evaluation.  Quantitative  elemental  analysis 
would  be  greatly  facilitated  with  tunable  highly  monochromatic  x-ray  or 
y-ray  lasers.  With  high  intensity  highly  collimated  sources  (whether 
coherent  or  not)  radiation  gauging  of  small  sections,  i.e.,  detection  of 
changes  in  the  effective  thickness  of  a test  article,  becomes  feasible. 

Internal  voids,  inclusions,  and  changes  in  actual  thickness  can  thus  be 
determined.  This  would  be  especially  useful  in  studying  void  formation  in 
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irradiated  materials  (lanniello  1972).  By  operating  the  laser  near  known 
absorption  edges  elemental  specificity  can  then  also  be  achieved.  Radio- 
graphy would  in  fact  be  revolutionized  by  the  additional  technique  of  holo- 
graphy, creating  the  possibility  of  generating  three-dimensional  images  of 
interior  flaws,  with  the  consequent  ability  of  determining  size,  shape, 
location,  and  orientation  of  such  flaws.  An  important  specific  application 
would  be  to  direct-shape,  hot-isostatically  compacted  aircraft  parts  where 
conventional  methods  such  as  ultrasonic  inspection  are  inapplicable.  There 
are  difficulties  with  the  application  of  holography  in  radiographic 
structure  determinations  which  must  be  addressed  before  holography  can  use- 
fully contribute.  Generally,  radiography  involves  examination  of  structures 
with  unity  magnification.  A typical  x-ray  laser  might  have  a pulsed  output 
of  10  sec  duration  corresponding  to  a coherence  length  which  will  not 
exceed  3 x 10  ^ cm.  If  the  wavelength  of  this  laser  is  0.1  R,  the  number 
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of  recorded  fringes  in  the  hologram  will  be  of  order  3 x 10  . The  effective 
size  of  an  optically  reconstructed  hologram  will  be  with  y equal  to  the 
ratio  of  the  wavelength  of  the  light  employed  in  the  reconstruction  process 

to  that  used  in  the  original  recording.  Without  image  forming  optics  this 
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hologram  requires  an  object-recording  plane  distance  of  il^y  or  about  30  m 
for  the  case  considered  here.  This  distance  can  be  shortened  by  the  use  of 
image  forming  elements,  but  then  holography  might  be  considered  an  unnecessary 
detour.  A further  point  that  should  be  kept  in  mind  here  is  the  reduction  in 
depth  of  field  in  holography.  One  can  readily  show  (cf.,  e.g..  Collier, 
Burckhardt,  and  Lin  1971)  that  for  a lateral  magnification  in  objects  that 
have  a depth  separation  of  A will  appear  in  the  reconstructed  image  at  a 


separation  (m‘'/ia)A.  If  A is  1 cm  and  m = 1,  this  yields  a reconstructed 
depth  separation  of  1 pm.  It  appears,  then,  that  unity  magnification  is 
unacceptable  in  radiography  and  that  the  hologram  should  first  be  magnified, 
for  instance  by  electron  microscopy. 

Autoradiographic  techniques  with  the  beam  normal  to  the  crack  surface 
would  be  useful  in  examining  specimens  containing  fatigue  cracks  to  determine 
the  extent  to  which  the  crack  closes  on  unloading  and  the  closure  pattern. 

More  generally,  such  studies  with  various  beam  directions  could  be  used  to 
resolve  defect  structure  in  the  plastic  zone  at  the  crack  tip  in  either 
fatigue  or  static  loading.  At  sufficient  photon  energy  (in  the  MeV  range) 
the  reflective  or  backscattering  technique  can  yield  information  about  the 
interior  of  thick  metal  sections.  This  would  have  significant  implications 
for  the  determination  of  the  soundness  of  weldments  where  access  to  both 
sides  may  be  impossible.  The  detection  of  the  critical  nucleation  size  of 
a crack  in  fatigued  solids  would  also  be  facil itated . The  requirement  here 
is  for  intensity  and  spot  size  rather  than  Tonochromaticity.  Zone  plate 
focusing  would  aid  in  obtaining  depth  information. 

X-ray  lasers  operating  in  the  wavelength  range  ipnrcpriate  for  crystal 
]_2ttice  diffraction  would  be  useful  for  lattice  strain  measurement  and, 
inf erentially , residual  stress  measurement  in  crystalline  structural  materials 
(cf.,  e.g.  Tetelman  and  McEvily  1968).  The  higher  intensity,  improved 
monochromaticity,  and  superior  collimation  would,  of  course,  be  significant 
improvements  over  presently  available  sources.  These  qualities  in  combination 
with  holographic  procedures  would  have  considerable  impact  on  the  study  of 
the  role  of  lattice  strain  and  disorder  in  plastic  flow,  fatigue,  and  stress- 
corrosion  processes. 
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A highly  focused,  or  small  diameter,  intense  x-ray  source  would  also 
be  useful  in  the  examination  of  second  phases  in  metals,  especially  in  the 
study  of  critical-sized  nuclei  of  20  £ approximate  size  (Christian  1975). 

5 . 4 Practical  Considerations 

To  inject  a note  of  realism,  it  should  be  stressed  that  the  practi- 
cality of  some  of  the  foregoing  applications  does  not  just  depend  on  the 
availability  of  an  x-ray  or  y-ray  laser  se  but  also  on  ease  of  operation, 
physical  size  of  the  needed  equipment,  and  actual  improvement  in  intensity 
and  beam  collimation  over  conventional  incoherent  sources.  Because  of  the 
likely  massive  size  of  any  x-ray  laser  now  foreseen,  it  seems  unlikely  that 
the  testing  procedures  described  above  will  see  extensive  use  in  field 
measurements  on  actual  structures  such  as  pressure  vessels,  civil  engineering 
structures,  etc.  On  the  other  hand,  a great  deal  could  still  be  learned  by 
taking  laboratory  samples  to  the  facility  for  analysis.  Further  comments 
on  holography  with  special  emphasis  on  structure  determination  are  given  in 
Chapter  13. 
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6. 


ELECTRON  SPECTROSCOPY  FOR  CHEMICAL  ANALYSIS 


6. 1 Introduction 

We  present  here  an  evaluation  of  the  applicability  of  x-ray  lasers, 
as  presently  conceived,  to  ESCA  (Electron  Spectroscopy  for  Chemical 
Analysis).  At  this  writing,  ESCA  is  already  a well-developed  form  of 
spectroscopy  which  enjoys  extensive  usage  for  basic  science  studies  in 
atomic  physics,  chemistry,  and  solid-state  physics,  as  well  as  more 
applied  usage — in  an  analytical  context — for  a wide  variety  of  more 
practical  problems.  The  classical  reference  on  ESCA  is  "ESCA  - Atomic, 
Molecular,  and  Solid-State  Structure  Studied  by  Means  of  Electron 
Spectroscopy",  by  K.  Siegbahn  et  al.  (1967).  The  basic  science  of  ESCA 
applied  to  gas-phase  studies  is  given  by  Siegbahn  et  al.  (1969).  More 
recent  developments  and  further  applications  are  discussed  in  Proceedings 
edited  by  Shirley  (1972)  and  by  Caudano  and  Verbist  (197A),  and  in  the 
general  text  by  Carlson  (1975). 

The  popularity  of  ESCA  as  an  analytical  tool  is  attributable  to  the 
fact  that  it  yields  an  unambiguous,  nondestructive  elemental  analysis  of 
the  surface  of  any  specimen,  including  the  chemical  state  of  each,^alement . 
By  contrast,  x-ray  lasers  do  not  yet  exist.  However,  certain  laser 
characteristics  were  assumed.  They  are  listed  below.  philosophy 

has  been  to  assess  what  could  be  achieved  within  these  characteristics 
and  to  indicate  desirable  improvements.  The  scope  of  this  study  has  been 
to  consider  only  those  aspects  of  ESCA  that  >are  radiation-source  limited 
and  to  examine  the  ways  in  which  x-ray  lasers  can  improve  the  ESCA  method. 

J- 

But  the  term  ESCA  will  be  interpreted  in  its  broadest  sense. 
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Radiation  from  an  x-ray  laser  will  interact  with  matter  primarily 

■k 

through  the  photoelectric  effect,  creating  vacancies  in  electronic  states. 


The  observation  of  this  process  can  be  achieved  in  several  ways:  by 
kinetic-energy  analysis  of  the  photoelectrons  that  escape  from  the  sample 
(conventional  ESCA,  or  x-ray  photoelectron  spectroscopy),  by  kinetic- 
energy  analysis  of  Auger  electrons  emitted  as  the  holes  are  filled,  or 
simply  by  monitoring  absorption  of  the  x-ray  beam  as  it  passes  through  the 
sample.  This  last  observation  could  also  be  made  in  the  fluorescence  mode. 
Because  the  photon  source — in  this  case  the  x-ray  laser — is  the  unifying 
feature  of  all  these  methods,  we  have  expanded  the  scope  of  this  study  to 
include  Auger  and  absorption  (and  fluorescence)  spectroscopy  as  well  as 
conventional  ESCA. 

6 . 2 Relevant  Parameters  and  Damage  Thresholds 

To  focus  this  study,  certain  characteristics  have  been  assumed  for 
the  x-ray  laser  (cf..  Section  1): 

1)  A 1-100  Terawatt  pulse  would  be  delivered  by  the  pumping  laser, 

9 11 

yielding,  at  0.1  percent  efficiency,  a 10  -10  watt  power  level 
during  the  x-ray  laser  pulse.  The  pulse  length  is  assumed  to  be 
between  10  sec  and  10  sec. 

2)  The  coherence  length  would  be  '>^1  mm,  the  emerging  beam  diameter 
n/1  p,  and  the  beam  divergence  '^1  mrad. 

3)  The  repetition  rate  would  be  1 sec  ^ or  less. 


k 

The  cross-section  for  photoemission  exceeds  that  for  other  processes  by 
orders  of  magnitude  for  x-ray  energies  below  10  keV.  Above  n^lOO  keV, 
for  example,  Compton  scattering  has  to  be  considered  as  well. 
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4)  The  photon  wavelength  would  be  somewhat  tunable;  e.g. , over 
'^5  eV  by  photon  mixing  with  visible  or  UV  laser  photons. 

5)  Gain  variation  over  the  laser  x-ray  line  could  be  used  to  narrow 
the  line  to  10  percent  of  its  natural  width. 

Once  these  assumptions  are  made,  an  overview  of  the  problem  is  provided 
by  some  order-of-magnitude  calculations.  Two  initial  questions  that  must 
be  answered  before  we  proceed  are: 

1)  Can  the  sample  stand  up  under  the  laser  pulse?  and 

2)  Considering  the  extremely  low  duty  cycle  of  the  laser,  will 
there  be  enough  intensity  for  ESCA? 

The  first  question  arises  because  the  energy  of  the  laser  pulse  is 

imparted  to  the  sample  in  a very  concentrated  form  in  a very  short  time. 

Since  the  total  laser  energy  is  deposited  in  a time  interval  ranging 

between  ca.  10  and  10^  atomic  vibrational  periods  (lO”^^  sec  to  lO”^^  se 

for  the  pulse  to  pass  thro->gh  an  affected  volume  element  of  the  lattice 

versus  to  ''■<  "K/kO^  10  sec  for  0^  10  deg)  , phonons  may  or  may  not 

help  in  reducing  the  maximum  temperature  T(max)  of  the  thermal  spike  in 

the  ESCA-active  volume.  At  any  rate  phonons  propagate  too  slowly  to  carry 

heat  away  from  the  affected  region  during  the  pulse:  at  a velocity  of 

10  cm-sec  , phonons  travel  only  100  X in  10~  ^ sec.  To  estimate 

At  = T(max)  - T(ambient;,  suppose  that  10  to  1 joule  (the  limits  implied 

by  our  assumptions  of  1 X radiation)  is  deposited  instantaneously  into  a 
2 

1 micron  cylindrical  valume  of  a transition  metal,  which  has  C = 

P 

-3  -1 

4 joules  cm  deg  . The  mass  absorption  coefficient  X of,  say,  iron  at 

1 2 is  100  cm^g  and  the  density  is  about  8 g-cm  Thus  the  attenua- 

-1  -3  -6 

tion  length  is  il  = Ap  'v  10  cm.  If  the  entire  10  - 1 joule  were 
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_T  _g  2 -11  3 

dumped  into  the  cylinder  of  volume  10  cm  x 10  cm  = 10  cm  volume 

and  converted  to  heat  we  would  have  AT  = (10  - 1 joule) (10  cm  ) 

(4  joules  cm'^  deg'^“^  = 2.5  x 10^  degrees  C.  This  temperature 

rise  is  destructive.  In  the  worst  case  the  active  sample  volume  would  be 

vaporized  into  a plasma  and  would  also  melt  its  surroundings.  Little  help 

can  be  expected  in  the  form  of  the  photoelectrons  taking  away  energy  before 

it  is  converted  to  heat,  because  the  penetration  depth  of  a 10  keV  electron 

is  only  of  the  order  of  1 micron;  i.e.,  the  width  of  the  active  cylinder. 

Some  energy  will  leave  in  the  form  of  x rays  emitted  as  core  holes  are 

filled:  perhaps  half  the  energy  will  be  removed  in  this  way.  The  heating 

effect  can  be  reduced  somewhat  by  enlarging  the  beam  size,  which  is  most 

readily  achieved  by  setting  the  sample  back  from  the  laser  and  using  to 

advantage  the  1 mrad  divergence  angle.  At  1 cm  distance  the  spot  size 

2 8 

would  be  (10  micron)^  and  the  estimated  temperature  rise  ^10  - 10  degrees. 

2 8 

At  10  cm  these  figures  become  (100  microns)  and  1-10  degrees,  and  at 
1 m,  (1  mm)^  and  10“^  - 10^  degrees.  This  last  figure~10  degrees— is 
manageable.  It  is  quite  common  for  ESCA  samples  to  heat  up  several  tens 
of  degrees  at  the  surface  from  various  ambient  effects*.  This  defocusing 
approach  tends  to  obviate  one  of  the  most  useful  features  of  x-ray  lasers 
ESCA  (microprobe  applications),  as  we  shall  see  later.  We  conclude  that 
the  heat  spike  during  a pulse  presents  a marginal  problem  that  can  be 
controlled. 


*We  emphasize  that  this  is  a "worst  case"  solution.  It  is  by  no  means 
clear  that  a destructive  ESCA  test  would  not  be  feasible.  Note  that 
the  electrons  which  are  representative  of  surface  properties  (and  the 
only  ones  that  are  analyzed  in  the  full-energy  ESCA  peaks  anyway)  emanate 
from  the  first  10  - 100  X of  material  at  velocities  of  ^v^lO^  cm/sec;  i.e., 
they  are  "free"  within  10"^^  sec. 
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6 . 3 Intensity  Considerations 


Let  us  address  the  second  question:  intensity.  In  one  pulse  there 

are  10  ^ to  1 joule  of  laser  energy.  This  is  equivalent  to  10^  - 10^^ 

10  _16 


photons  at  1 X (10  keV)  or  to  10  - 10  photons  at  10  R (1  keV) . 


-1 


Because  the  x-ray  laser  repetition  rate  is  unlikely  to  exceed  1 sec  , 

and  is  more  likely  to  be  much  less,  we  must  consider  the  x-ray  laser-ESCA 

experiment  to  be  essentially  a "one-shot"  process.  At  the  lower  limit, 

this  photon  flux  does  not  compare  very  well  with  conventional  x-ray  sources 

presently  used  in  ESCA  applications,  which  can  deliver  about  10^^  photons 

sec  ^ on  the  sample  and  can  operate  in  a CW  mode*,  or  with  the  proj ected 

12 

(but  not  yet  realized)  performance  of  electron  storage  rings  of  10  photons/ 
2 

sec-cm  on  the  sample  (National  Academy  of  Sciences  1976).  At  the  upper 
limit,  however,  the  x-ray  laser  is  projected  to  deliver  up  to  10^  times 
as  many  photons  in  one  pulse  as  a conventional  set-up  will  provide  in  1 sec; 
i.e.,  a single  laser  pulse  is  equivalent  to  12  days  of  ordinary  operation. 

It  should  be  noted  that  the  conventional  sources  are  not  appreciably 
focused.  Even  in  the  Hewlett-Packard  5950  ESCA  machine  the  x-ray  spot 
size  is  about  1 mm  by  5 mm. 

A flux  of  10^  - 10^^  photons  pulse  ^ is  eminently  usable  for  absorption- 
edge  studies;  in  fact  it  is  much  stronger  at  the  upper  limit  than  fluxes 
presently  available  for  EXAFS  research  in  electron  storage  rings,  which 
tend  to  run  about  10^*^  photons  sec  ^ (cf..  Section  2.2).  Thus  one  laser 
pulse  can  be  equivalent  to  as  much  as  10^  sec  of  running  time  on  a storage 


This  is  a mean  figure  for  commericial  spectrometers,  estimated  from 
observed  counting  rates.  It  is  accurate  to  better  than  a factor  of  ten 
in  either  direction. 
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ring.  Of  course  several  pulses  would  be  required  to  scan  an  absorption 
edge,  and  problems  would  be  encountered  in  normalizing  the  pulse  strengths. 
A beam  splitter  based,  for  instance,  on  the  Borrmann  effect  might  overcome 
the  first  of  these  objections  (Section  10.7).  The  primary  beam  would  be 
split  up  into  many  beams  each  of  which  could  be  tuned  to  a different  wave- 
length by  photon  mixing. 

For  ESCA  and  Auger  applications,  the  flux  from  a single  pulse  would 

be  sufficient  to  produce  a complete  electron  spectrum,  although  it  would 

be  necessary  to  devise  new  methods  of  electron  kinetic  energy  analysis 

and  data  storage  because  of  the  pulse  structure.  Without  going  into 

details,  it  seems  clear  that  these  methods  would  be  feasible  with  present 

16  —1 

technology.  Nearly  the  entire  10  photons  pulse  would  be  convertt 1 

into  photoelectrons,  but,  because  of  inelastic  scattering  processes, 

only  those  electrons  emitted  from  the  first  10  - 100  S of  the  sample 

would  emerge  with  their  full  kinetic  energy,  i.e.,  with  usable  ESCA  or 

Auger  information.  Thus  about  10^^  (10^  S = 10  ^ cm)/ (10  ^ cm  penetration 
13 

depth)  = 10  photoelectrons  would  emerge  from  the  sample  with  full  energy. 
Only  0.1  percent  to  1 percent  of  these  would  be  analyzed  in  a typical  ESCA 
analyzer  (although  a special  analyzer  design  would  be  required,  as  noted 

above,  this  figure  would  probably  be  about  the  same),  yielding  10^^  - 10^^ 

-1  3 4 

counts  pulse  in  the  full-energy  peak,  compared  to  the  10  - 10  counts 

sec  ^ presently  obtained  with  conventional  x-ray  tube  sources. 

These  considerations  lead  us  to  conclude  at  the  outset  that  the  x-ray 

laser  sources  as  presently  conceived  are  well  worth  considering  as  ESCA 

photon  sources.  Even  with  a repetition  rate  of  1 sec  ^ or  less,  they 
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could  deliver  more  photons  than  conventional  sources  by  several  orders  of 
magnitude  over  a short  time  interval:  indeed  they  are  competitive  even  on 
a "one-shot"  basis.  Their  main  attraction — a small  beam  size — can  also 
be  their  main  drawback,  because  of  the  intense  thermal  spike  produced 
during  the  short  pulse  length.  Until  this  problem  is  resolved,  it  would 
be  difficult  to  project  the  breadth  of  applicability  of  x-ray  laser  ESCA. 

In  the  remainder  of  this  report  we  shall  concentrate  on  those  applications 
that  are  feasible  within  these  constraints,  noting  that  a more  optimal 
pulse  structure  would  make  even  these  applications  more  attractive,  in 
addition  to  opening  up  whole  new  fields  of  research  not  covered  in  this 
report. 

6 . 4 Relevant  Aspects  of  ESCA 

ESCA,  or  Electron  Spectroscopy  for  Chemical  Analysis,  is  the  name 
given  to  x-ray  photoelectron  spectroscopy  by  K.  Siegbahn  and  coworkers 
(1967).  It  was  developed  as  a spectroscopic  technique  during  the  1960s, 
following  the  development  of  high— resolution  electron  spectrometers  by 
Siegbahn  et  al.  The  method  consists  of  irradiating  a sample  with  x rays 
of  known  energy,  inducing  electron  emission  from  characteristic  Is,  2s, 

2p,  etc.  levels.  The  photoelectron's  kinetic  energy  is  given  by  the 
energy  balance  equation 

hv  = E„  + K 

D 

where  hv  is  the  photon  energy  and  Eg  is  the  binding  energy  of  the  character- 
istic level  under  study.  Kinetic  energy  analysis  yields  K directly  and 
Eg — the  quantity  of  interest — by  difference. 
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The  initial  appealing  feature  of  ESCA  is  the  versatility  of  the 
method:  it  may  be  applied  to  any  element  except  hydrogen,  with  the  elements 

present  in  the  active  sample  and  their  approximate  abundances  being 
registered  respectively  by  the  position  (Eg)  and  intensity  of  a char- 
acteristic core-level  peak  of  each  element.  These  peaks  are  reasonably 
narrow  (FWHM 1 eV)  and  widely-snaced  (Eg(Cls)  = 284  eV,  Eg(Nls)  » 410  eV, 
Eg (01s)  = 540  eV,  etc.).  These  positions  are  not  only  ii?ell-established 
experimentally  for  each  element,  but  are  also  well-understood  theoretically. 
They  may  be  calculated  from  first  principles,  either  approximately  by  using 
Koopmans  theorem  together  with  a ground— state  Hartree— Fock  computation 
(Koopmans  1934)  or  more  exactly  by  the  "ASCF"  method  (Bagus  1965) . 
Binding-energies  are  well-known  for  core  levels  of  all  the  elements: 
binding-energy  tables  exist  (Bearden  and  Burr  1967,  Lotz  1968,  and  Appendix  I 
of  Siegbahn  et  al.  1967)  and  are  being  continually  improved  (Shirley  et  al. 
1976).  Thus  elemental  identification  by  ESCA  is  unambiguous. 

A second  feature  of  ESCA  that  distinguishes  it  from  other  "universal" 
methods  of  elemental  analysis  (Auger,  x-ray  fluorescence,  SIMS,  neutron 
activation,  etc.)  is  the  sensitivity  of  Eg  to  the  chemical  state.  Chemical 
shifts  of  Eg  to  higher  binding  energies  accompany  oxidation  of  most  elements. 
This  is  easily  understood  theoretically:  oxidation  of  the  parent  atom  gives 
it  a positive  charge,  making  core-electron  loss  (photoemission)  a more 
endothermic  process.  The  practical  implications  of  this  chemical-state 
sensitivity  are  profound.  For  example,  oxidation  of  a metal  surface  on  the 
atomic  level  can  be  followed  by  monitoring  the  growth  of  metal-oxide  peaks 
beside  the  metal  peaks  (Fadley  and  Shirley  1968) . Many  applications  of  this 
feature  of  ESCA  have  been  made  (cf . , e.g.,  Caudano  and  Verbist  1974). 


Another  feature  of  ESCA  of  paramount  importanct  to  materials  and 
technological  problems  is  its  surface  sensitivity.  Characteristic 
sampling  depths  for  electrons  in  metallic  samples  (i.e.,  the  distance 
travelled  before  an  electron  suffers  an  inelastic  loss  and  is  removed 
from  the  primary  peak)  range  from  10  S at  10  eV  kinetic  energy  down  to 
'^'3  X (maximum  sensitivity)  over  a broad  minimum  centered  around  'vlOO  eV, 
up  to  ^15  X at  1000  eV  (see,  for  example,  Brundle  1974).  Thus  ESCA  is  a 
"semi-surface"  technique,  as  is  Auger  spectroscopy.  In  fact  ESCA  and 
Auger  have  exactly  the  same  surface  sensitivity,  because  in  both  cases 
this  sensitivity  is  derived  from  the  characteristic  loss  properties  of  the 
outgoing  electrons. 

ESCA  requires  photon  energies  in  excess  of  the  E,,  values  of  all  core 

o 

levels  to  be  studied.  However,  this  criterion  can  be  met  with  1000-eV 
photons,  and  there  is  no  reason  to  use  higher  energies.  This  follows 
because  it  is  sufficient  to  observe  one  core— level  peak  of  any  element: 
no  significant  information  is  obtained  by  observing  additional  core  levels. 
The  element  neon  has  the  most  tightly-bound  outermost  core  level — its  Is 
level  is  at  Eg  = 870  eV  (Bearden  and  Burr  1967).  Lighter  elements  have 
Is  levels  at  lower  binding  energies,  while  all  heavier  elements  have 
outer  2s,  2p,  etc.  core  levels  that  are  less  tightly  bound.  Thus  char- 
acteristic lines  such  as  Na  (1040  eV) , Mg  (1254  eV) , and  A1 
(1487  eV)  (Bearden  1967)  a>e  of  sufficiently  high  energy  for  ESCA  purposes. 
It  is  clearly  not  viable  to  use  photons  of  much  lower  energy,  because  the 
analytical  capability  would  be  lost.  Moreover,  it  is  also  undesirable 
to  use  photons  of  much  higher  energy.  The  x-ray  line  width  would  tend 
to  be  larger  at  higher  energy  (lowering  the  ESCA  chemical-shift  resolution) , 
the  surface  sensitivity  would  be  reduced,  the  electron  analyzing  efficiency 
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of  the  spectrometer  would  be  lowered,  and  the  photoelectric  cross-section 
would  be  smaller  Thus  in  every  respect  an  A1  x-ray  laser  would  be 
preferred  to  Cu  for  ESCA  applications. 

Auger  peaks  are  observed  in  ESCA  spectra  because  of  photon-induced 
holes  which  are  filled  by  Auger  tran.ttions.  The  Auger  lines  appear  as 
peaks  rather  than  as  derivative  spectra  because  the  signal/noise  ratio  is 
far  higher  than  in  conventional  electron- induced  Auger  spectroscopy. 

In  practice  the  photon- induced  Auger  peaks  are  also  better  resolved. 

Photon- induced  Auger  also  has  the  distinct  advantage  over  electron-induced 
Auger  spectroscopy  (the  only  type  in  commercial  practice)  that  there  is 
far  less  radiation  damage  to  the  sample.  In  fact  it  has  been  estimated 
that  the  amount  of  radiation  damage  required  to  yield  the  same  amount  of 
information  is  smaller  by  orders  of  magnitude  in  the  photon-induced  method 
(see,  for  example.  Goad  et  al.  1975).  This  result  can  also  be  established 
by  calculation  of  radiation  dosage.  The  importance  of  this  result  for 
present  purposes  is  that  x-ray  laser  ESCA  offers  an  alternative  to  the 
very  v/idely  used  Auger  method  that  is  not  only  comparable,  but  actually 
superior.  As  one  example,  we  note  that  Auger  spectroscopy  is  not  presently 
applicable  to  nonroetallic  samples  because  of  the  radiation-damage  problem. 
ESCA  is  applicable  to  all  materials.  In  addition  to  the  advantages  given 
above,  ESCA  spectra  that  show  both  photoelectron  and  Auger  peaks  (as  most 
do)  provide  a valuable  reference  for  chemical  shifts.  The  reason  for  this 
is  rather  esoteric,  but  essentially  neither  ESCA  shifts  nor  Auger  shifts 
alone  have  any  absolute  meaning,  but  their  difference,  a quantity  called 
the  Auger  parameter  (Wagner  and  Biloen  1973,  Kowalczyk  1973),  does. 


119 


Absorption-edge  spectroscopy  is  much  more  sensitive  than  either 
ESCA  or  Auger,  for  a given  photon  flux,  because  all  of  the  transmitted 
photons  are  counted.  It  is  not  surface-sensitive,  however,  except  in 
special  circumstances  (e.g.,  fluorescence  from  adsorbat '.s)  and  it 
requires  both  thin  samples  and  highly  tunable  photon  sources.  The 
chemical-shift  information  obtainable  from  absorption-edge  spectroscopy  is 
similar  to  that  obtained  from  ESCA  shifts  (Cramer  et  al.  1976). 

6.5  Basic  Spectroscopic  Considerations 

What  can  x-ray  lasers  do  for  ESCA?  We  address  here  the  basic  spec- 
troscopic improvements  that  certain  features  of  x-ray  lasers  would  provide 
for  ESCA  basic  research  on  ho»aogeneous  samples.  Microprobe  applications 
to  materials  are  discussed  in  the  next  section. 

High  resolution  and  tunability  are  the  two  features  that  seem  to  be 
most  promising  in  this  context.  There  are,  for  example,  no  obvious  ways 
in  which  coherence  properties  of  lasers  will  affect  ESCA,  and  non-linear 
effects  are  out  of  reach  at  the  peak  pulse  intensities  that  can  be 
tolerated  in  an  ESCA  sample. 

6.5.1  Line  Width 

By  making  use  of  the  variation  in  gain  across  the  laser  line,  it 
should  be  possible  to  reduce  the  line  width  significantly  below  the 
natural  width  (another  approach  is  to  use  highly-stripped  ions,  to 
suppress  Auger  decay).  In  the  Al  line  this  natural  width  is  approxi- 
mately 1.0  eV.  Reduction  by  an  order  of  magnitude,  to  0.1  eV,  would 
provide  an  ESCA  source  sufficiently  narrow  to  map  out  fine  structural 


details  that  are  inaccessible  using  traditional  x-ray  tubes  as  sources*. 

The  most  obvious  application  would  be  in  the  determination  of  core-level 
chemical  shifts  in  molecules  having  two  or  more  atoms  of  the  same  element 
in  chemical  environments  that  differ  only  very  slightly,  a level  of 
subtlety  that  is  beyond  the  reach  of  present-day  ESCA.  For  example,  it 
would  probably  be  possible  at  this  resolution  to  differentiate  directly 
between  inequivalent  carbon  sites  in  substituted  benzenes,  which  have  been 
predicted  to  show  shifts  at  the  0.1  to  0.5  eV  level  (Davis  et  al.  1972). 
Another  possibility  is  that  of  measuring  the  difference  of  surface  and 
bulk  atoms'  core-level  binding  energies,  an  effect  that  has  been  suspected 
but  not  observed.  Still  another  application  would  be  a definitive  study 
of  adsorbed  molecular  species  on  catalytically  active  substrates,  in 
several  inequivalent  sites.  Important  for  both  fundamental  and  practical 
reasons,  this  area  of  research  has  been  the  subject  of  much  recent  atten- 
tion and  considerable  confusion  (Brundle  1974). 

Line-shape  studies  of  core  levels  in  metals  would  be  greatly  aided 
by  higher  resolution.  The  subject  of  x-ray  edge  anomalies  in  metals  has 
recently  seen  renewed  interest  because  of  asymmetries  in  core-level 
photoemission  peaks  that  result  from  the  same  physical  phenomena.  Doniach 
and  Simjic  (1970)  predicted  the  form  of  the  asymmetric  lines  to  be  expected 
from  many-body  effects , and  these  asymmetries  have  been  observed  by 
Citrin  et  al.  (1975).  It  is  difficult  to  separate  the  asymmetry  arising 


However,  intense  monochromatized  sources  are  presently  under  development 
in  K,  Siegbahn's  laboratory.  See,  e.g. , the  opening  paper  in  the 
Proceedings  edited  by  Caudano  and  Verbist  (1974).  It  is  unlikely  that 
these  sources  could  produce  linewidths  of  less  than  0.25  eV,  but  with 
sufficiently  high  intensity  they  would  provide  competition  for  the  x-ray 
laser. 
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from  many-body  origins  from  various  spurious  experimental  contributions 
to  both  line  width  and  asymmetry,  however,  notably  finite  source  line  width. 
Any  further  narrowing  of  the  source  line,  particularly  if  it  could  be 
accomplished  without  loss  of  resolution,  would  be  valuable  in  establishing 
the  magnitudes  of  the  line  asymmetries  more  reliably  and  accurately. 

Vibrational  structure  on  core-level  lines  has  actually  been  observed 
in  ESCA,  in  the  C Is  line  of  methane  in  the  gas  phase,  by  the  Uppsala 
group  (Gelius  et  al.  1974).  They  were  barely  able  to  resolve  this  struc- 
ture, however,  and  it  seems  clear  that  further  improvement  of  such  spectra 
can  be  achieved  only  through  the  use  of  narrower  lines,  as  might  be 
provided  by  an  x-ray  laser.  Similar  effects — inhomogeneous  line  broadening 
by  vibrational  fine  structure — show  up  in  ESCA  peaks  from  solid  samples. 

In  this  case  the  phenomenon  is  referred  to  as  "phonon  broadening",  and  it 
shows  a marked  temperature  dependence.  Again,  extraction  of  the  true  phonon- 
broadened  line  width  as  a function  of  temperature  would  be  greatly  facili- 
tated by  the  use  of  narrow-line  x-ray  sources. 

Another  area  in  which  high-resolution  ESCA  could  play  an  important 
role  would  be  in  studying  the  details  of  the  valence-band  structures  of 
semiconductors  and  metals,  particularly  near  the  Fermi  energy’’.  The 
electronic  band  structures  of  these  materials  determine  their  properties, 
and  are  of  utmost  importance  from  both  a fundamental  point  of  view  and 
because  much  of  our  present  technology  rests  on  the  special  properties 
of  materials.  The  only  way  to  understand  the  electronic  band  structure 
thoroughly  is  to  determine  the  state  density  and  other  properties  for 
several  eV  around  the  Fermi  energy.  Both  ultraviolet  photoemission  and 
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ESCA  can  in  principle  yield  the  state  density,  but  they  both  suffer  short- 
comings. Ultraviolet  photoemission  is  difficult  to  interpret  unambiguously 
because  of  final-state  effects,  and  ESCA  does  not  have  adequate  resolution. 
High-resolution  ESCA  would  combine  the  advantages  of  these  two  methods 
and  provide  information  about  state  densities  that  is  presently  inaccessible. 
6.5.2  Tunability 

Turning  now  to  tunability,  the  major  advantage  for  electron  spectros- 
copy is  to  distinguish  photoelectron  peaks  from  Auger  peaks.  The  kinetic 
energy  of  the  former  will  track  the  photon  energy,  while  the  Auger  energy 
is  of  course  fixed.  Although  this  seems  a rather  prosaic  use  of  tuna- 
bility, it  is  in  fact  a very  important  feature  that  is  not  available  in 
ESCA  with  fixed  source  energies. 

Tunability  is  essential  for  absorption  spectroscopy.  If  the  central 
laser  wavelength  could  be  made  to  coincide  with  a given  x-ray  absorption 
edge  (a  condition  that  would  not  be  met  under  our  present  assumptions), 
fine-tuning  across  the  edge  would  serve  both  to  delineate  details  of  the 
edge  structure  and  to  yield  chemical  infomation  rather  similar  to  that 
obtained  from  ESCA  shifts.  If  this  experiment  were  done  in  the  fluores- 
cence mode,  it  could  be  very  sensitive  to  dilute  impurities.  One  would 
only  need  to  collect  data  above  and  below  the  edge  energy,  in  the  same 
way  that  an  Oak  Ridge  group  recently  sought*  confirmatory  evidence  for 
the  recently-reported  discovery  of  primordial  superheavy  elements  in 
nature  (Gentry  et  al.  1976,  Fox  et  al.  1976). 

An  Oak  Ridge  National  Laboratory  group  carried  out  absorption-edge 
studies  in  search  of  superheavy  elements  at  the  Stanford  Synchrotron 
Radiation  Project  in  July-August  1976. 
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6-6  Specific  Materials  Applications 

This  section  is  directed  toward  utilization  of  the  fine-focusing 
characteristic  of  the  x-ray  laser — a feature  which  most  effectively 
distinguishes  x-ray  laser  ESCA  from  conventional  ESCA.  With  fine 
focussing,  the  x-ray  laser  will  make  possible  the  development  of  a 
selected  area  ESCA  microprobe  for  routine  nondestructive  elemental  and 
chemical-state  analysis  of  microscopic  regions  of  materials  surfaces . 

A recent  article  by  Pocker  and  Haas  (1975)  discusses  the  technical 
considerations  that  go  into  designing  an  analytical  instrument  that 
performs  high-spatial-resolution  Auger  spectroscopy,  in  effect  combining 
scanning  electron  microscopy  (SEM)  with  Auger  electron  spectroscopy 
(AES).  Several  approaches  have  been  implemented.  Among  ' ^se,  scanning 
Auger  microscopy  (SAM)  has  been  developed  into  successful  commercial 
practice  by  Physical  Electronics  Industries,  Edina,  Minn.  In  this  method, 
an  electron  beam  from  a thermionic  source,  with  a beam  diameter  as  small 
as  1 micron,  is  scanned  or  rastered  across  the  sample,  producing  Auger 
spectra  which  form  an  elemental  map  of  the  surface  composition  (to  the 
extent  that  this  is  possible  with  Auger  spectra) . This  approach  is  not 

readily  adaptable  to  an  x-ray  laser  ESCA  device  because  of  its  infrequent 
pulse  character. 

Another  approach  to  the  combination  of  SEM  with  AES,  put  forth  by 
Pocker  and  Haas  but  not  yet  in  commercial  practice,  is  Selected  Area 
Auger  Spectroscopy  (SAAS).  In  thi:,  method  a high  spatial-resolution 
scanning  electron  gun  is  used  as  a point  probe  to  select  interesting 
features  for  AES.  Although  this  approach  sacrifices  the  elemental  mapping 
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capalility  per  se,  it  allows  the  experimenter  to  concentrate  on  the  areas 
of  interest  and,  unlike  SAM,  it  makes  larger  areas  accessible.  Pocker  and 
Haas  showed  a (100  micron)  micrograph  of  the  surface  of  a Rene  alloy, 
in  which,  the  secondary  electron  image,  while  not  chemically  specific,  is 
sufficiently  composition— sensitive  to  provide  good  contrast  for  isolating 
relevant  features  for  Auger  studies. 

An  x-ray  laser  microprobe  device  would  have  to  operate  in  this  latter 
mode,  because  of  the  one-shot  character  of  the  laser.  There  are  a number 
of  technical  problems  whi.ch  would  be  encountered  in  actually  building  such 
a device,  but  basically  one  could  envision  using  scanning  electron  micros- 
copy to  locate  an  area  for  study , then  illuminating  that  area  with  an  x-ray 
laser  pulse,  observing  photoelectrons  and  Auger  electrons.  The  technique 
might  be  termed  Selected  Area  Electron  Spectroscopy  (SAES) . 

One  example  of  the  way  in  which  SAES  could  be  applied  to  materials 
science  problems  would  be  the  analysis  of  fracture  surfaces  of  high-strength 
alloys.  For  example,  many  modem  technological  applications  of  high- 
strength  or  specialty  steals  require  alloys  that  have  been  specially  heat- 
treated  to  produce  an  optimum  grain  size  and  at  the  same  time  to  retain 
an  optimum  concentration  of  austenite  (the  high-temperature  form)  in  a 
nominal  martensite  matrix.  The  microstructure  of  this  two— phase  composite 
material  is  responsible  for  the  properties  of  specialty  steels.  Among  the 
iiost  important  properties  is  "toughness",  which  is  a measure  of  the  ability 
of  the  material  to  resist  crack  propagation.  A good  general  discussion  of 
xhis  subject  is  given  by  G.  Thomas  et  al.  (1974). 

In  developing  high-toughness  steels,  the  usual  approach  is  to  vary 
the  composition,  including  one  or  more  of  a number  of  elements  (carbon,  Cr, 
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One  more  example  should  suffice.  As  the  semiconductor  industry  produces 
ever-smaller  microcircuitry,  the  importa^  :e  of  microprobe  analysis  increase 
accordingly.  Today  it  is  rc  itine  to  fabricate  a large  number  of  denselv”- 
packed  circuit  components  situ  on  a single  silicon  wafer  (Section  3.0)  . 
Failure  of  an  inordinate  number  of  these  systems  is  costly.  Malfunctiou;’ 
of  such  devices  are  frequently  attriouted  to  "surface  states",  a generic 
term  for  almost  anything  going  wrong  on  the  surface.  With  ESCA  it  is 
possible  to  study  real  surface  states,  by  angle-resolved  photoemission 
(Rowe  et  al.  1974),  as  well  as  to  identify  "surface  states"  that  actually 
arise  through  reactions  of  impurities  on  the  curface.  If  ESCA  can  be 
combined  with  a microprobe  capability  (as  in  OAES),  this  would  provide 
valuable  analytical  insight  into  the  nature  of  the  surface  states  in  ’■eal 
microcircuit  systems. 

6 . 7 Further  Technical  Considerations 

In  Section  6.1  a summary  of  technical  considerations  was  given  to 
establish  feasibility.  In  this  section  we  return  briefly  to  this  area 
of  concern.  It  is  our  opinion  that  x-ray  laser  ESCA  is  feasible  (given 
the  laser) , and  that  it  would  be  a valuable  and  needed  addition  to  the  arsenal 
of  the  surface  scientist  and  the  materials  scientist,  as  well  as  having 
considerable  applicability  in  fundamental  studies  on  homogereous  samples. 

It  also  seems  clear  that  technological  problems  associated  with  the  adapta- 
tion of  x-ray  lasers  to  ESCA  are  minor  compared  to  those  associated  with 
developing  the  x-ray  laser  itself.  Nevertheless  a few  technical  observa- 
tions are  given  below  from  the  point  of  view  of  an  ESCA  "user"  who  would 
take  or  send  a sample  to  an  x-ray  lasec  facility. 
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First,  a number  of  accessories  would  be  needed  at  the  ESCA  "port" 
of  an  x-ray  laser.  These  should  include  the  usual  ultra  high  vacuum 
and  sample  treatment  facilities,  including  provision  for  in-situ 
fracture  studies.  A crucial  element  that  would  require  careful  design 
would  be  the  microprobe  capability.  It  would  be  necessary  to  magnify 
the  image  of  a small  area  and  to  project  it  on  a screen,  using  electron 
microscopy.  One  would  then  want  to  select  an  area  for  study  and  to  "aim" 
the  x-ray  laser  beam  accurately  at  that  area. 

A time-of-f light  spectrometer  is  the  natural  choice  for  ESCA  and 
Auger  electron  analysis  with  an  x-ray  laser,  because  of  the  pulse  struc- 
ture. In  this  approach,  which  has  already  been  successfully  employed 
for  photoemission  studies  at  electron  storage  rings,  a clock  is  started 
by  the  laser  pulse  and  electrons  are  recorded  as  they  arrive,  thereby 
registering  their  kinetic  energies.  The  total  transit  time  is  less  than 
1 microsecond.  Although  sinip! e-electron  counting  has  been  used  in  the 
past,  this  approach  could  also  be  used  to  record  current,  employing  any 
detector  with  a fast  linear  response. 

Finally,  the  least  attractive  feature  of  the  x-ray  laser  as  presently 
conceived,  judged  from  the  ESCA  point  of  view,  is  its  one-shot  nature, 
including  in  particular  the  intense  thermal  spike  and  the  low  duty  cycle. 
Even  with  ti.:'se  features  it  is  quite  attractive,  as  detailed  above,  but 
a different  pulse  structure  would  be  highly  desirable.  If  the  energy 
presently  concentrated  in  one  pulse  could  be  spread  out  over  many  pulses, 
spaced  one  microsecond  or  further  apart,  the  heating  problem  would  vanish, 
the  raicroprobe  characteristics  would  be  greatly  enhanced  (because  a 
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scanning  mode  would  be  feasible),  and  the  time-of-f light  capability 
would  be  retained.  Although  there  is  presently  no  known  scheme  to 
effect  this  change,  its  desirability  should  be  borne  in  mind  as  the 
x-ray  laser  is  developed. 

6. 8 Summary  and  Conclusions 

We  have  assessed  the  applicability  of  x-ray  lasers  to  ESCA.  The 
basic  feasibility  of  the  method  was  established  first;  then,  after  a 
brief  discussion  of  the  relevant  aspects  of  ESCA,  specific  applications 
to  basic  spectroscopic  problems  and  to  materials  problems  were  taken  up. 
Finally,  technical  considerations  were  again  briefly  touched  up^yn.  The 
follot^ing  conclusions  were  drawn: 

1)  Within  the  constraints  of  the  characteristics  of  projected 
x-ray  lasers,  x-ray  ESCA  is  feasible.  There  is  enough  flux 
in  even  one  pulse  to  make  this  method  attractive. 

2)  The  thermal  spike  during  a single  pulse  presents  a problem 
that  can  be  dealt  with  by  making  certain  compromises. 

3)  For  ESCA  purposes,  the  A1  x-ray  laser  is  far  preferable  to 
the  Cu  laser.  Energies  below  1000  eV  are  less  desirable. 

4)  X-ray  laser  and  x-ray  Auger  spectroscopy  have  some  distinct 
advantages  over  conventional  Auger  spectroscopy. 

5)  Absorption  studies  are  feasible  if  the  wavelength  is  correct 
and  the  laser  is  slightly  tunable. 

6)  High  resolution  and  tunability  are  attractive  features  of  x-ray 
ESCA.  Coherence  and  nonlinear  effects  are  unlikely  to  be 
important. 
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7)  The  high  resolution  possible  with  x-ray  ESCA  would  facilitate 
the  study  of  chemical  shifts,  line  shapes,  vibrational  structure 
including  phonon  broadening,  and  valence-band  structure. 

8)  Tunability  is  essential  for  absorption  spectroscopy,  and  useful 

in  electron  spectroscopy  in  distinguishing  photoelectron  lines 
trom  Auger  lines. 

9)  haterials  applications  would  hing;e  on  microprobe  capabilities. 

A selected  area  electron  spectroscopy  (SAES)  mode  would  be  most 
practical. 

10)  SAES  would  permit  the  elemental  and  chemical  analysis  of  micro- 
scopic areas  of  fracture  surfaces  of  specialty  steels,  surface 
states  of  semiconductor  microcircuits,  and  other  surfaces  of 
importcincG  in  iimt6rmls  science  nnd  engineering. 

11)  A more  frequent,  somewhat  less  intense  pulse  structure  would  be 
preferable  for  ESCA  applications. 
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7.  HOLOGRAPHY 

7. 1 Introduction 

The  development  of  holography  was  principally  motivated  by  a desire 
to  improve  the  resolution  of  short-wavelength  microscopy  to  its  theoreti- 
cal limits  (Gabor  1948,  1949).  Several  workers  in  the  1950's  (El  Sum  and 
and  Kirkpatrick  1952,  El  Sum  1952,  Rogers  1950,  1952)  concerned  themselves 
unsuccessfully  with  the  application  of  the  new  technique  to  obtain  image 
resolution  of  the  order  of  the  wavelength  of  the  radiation  employed  without 
having  recourse  to  lenses  or  other  conventional  imaging  devices. 

The  availability  of  lasers  as  coherent  sources  increased  interest  in 
holography  considerably  in  the  1960's,  and  powerful  techniques  were  intro- 
duced which  ultimately  led  to  the  well-known  and  highly  publicized  three- 
dimensional  photography  (Leith  and  Upatnieks  1962 , 1964) . It  is  not 
surprising,  therefore,  that  x-ray  holography  ranks  high  among  potential 
applications  cited  for  x-ray  lasers. 

In  the  following  we  discuss  the  promise  and  some  of  the  problems 
inherent  in  x-ray  holography  on  the  assumption  that  the  coherence  and  power 
requirements  can  be  met. 

7.2  General  Comments 

We  consider  an  arbitrary  distribution  of  scatterers  (the  object  field) 
which  is  illuminated  by  a monochromatic  coherent  source  of  radiation  of 
wavelength  X assumed  to  be  located  in  the  half  space  z < 0.  An  opaque 
screen  with  an  aperture  A located  in  the  plane  z = 0 separates  the  object 
field  and  its  illumination  source  from  the  source-free  observation  half 
space  z > 0.  It  follows  from  Huygens'  principle  that  all  information  about 
the  object  field  which  can  be  obtained  by  imaging  systems  of  any  kind. 
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located  in  the  observation  space  z > 0,  is  contained  in  the  complex  amplitude 

distribution  F(xy)  of  the  wave  which  emanates  from  the  illuminated  object 

field.*  F(x,y)  is  termed  the  object  wavefront  in  the  aperture.  It  is  to  a 

good  approximation  a band  limited  function  (Mueller  1^76)  with  a spatial 

bandwidth  of  less  than  1/X  line  pairs  per  unit  length.  (Such  a band  limited 

2 

function  is  adequately  described  by  a set  of  4 A/X  complex  numbers  and  can 
in  principle  be  recorded  without  loss  of  information  on  a recording  medium 
with  a resolution  capability  at  least  equal  to  the  spatial  bandwidth  of 
F(x,y) . ) 

The  aim  of  holography  is  in  essence  to  record  the  complex  amplitude 
F(x,y)  over  the  receiving  aperture  A and  to  reconstruct  from  this  record 
either  a replica  of  the  original  wavefront,  or  to  modulate  the  complex 
amplitude  F(x,y),or  a suitably  magnified  version  of  it,  with  radiation  of  a 
different  wavelength  to  form  an  image  of  the  object  field.  The  analog 
reconstruction  process  can  be  avoided  by  proceeding  directly  from  the  record 
of  F(x,y)  to  a reconstruction  by  computation. 

Before  proceeding  to  a description  of  the  holographic  process,  we  shall 
briefly  comment  on  the  relatir  ?ship  between  the  object  wavefront  and  the 
object  field  from  which  it  originates.  The  object  wavefront  F(x,y)  cannot 
contain  complete  information  about  an  arbitrary  object  field  as  there 
exist  an  infinite  number  of  distributions  of  scatterers,  which  can  give  rise 
to  a given  complex  amplitude  distribution.  For  example,  the  distribution 
of  gelatin  on  a glass  plate  in  a bleached  optical  hologram  can,  if  suitably 
illuminated,  trick  the  observer  into  "seeing"  a nonexistant  three-dimensional 
field  of  objects. 

•k 

For  simplicity,  we  suppress  the  vectorial  character  of  the  wavefront 
F(x,y)  since  all  features  of  interest  can  be  brought  out  by  a scalar 
description. 


132 


The  relationship  between  the  two  distributions  is,  however,  for  all  practi- 
cal purposes  unique  if  the  object  field  is  essentially  two  dimensional  and 
its  distance  and  orientation  relative  to  the  receiving  aperture  known,  or 
if  the  object  field  consists  of  compact  scatterers  large  compared  to  the 
wavelength  with  well-defined  contours  occupying  only  a small  fraction  of 
the  illuminated  volume. 

The  second  case  is  characteristic  of  visually  encountered  object  fields. 
There,  imaging  proceeds  by  focusing  through  the  illuminated  volume  until 
areas  with  high  contrast  and  sharp  contours  are  encountered  which  are  then 
interpreted  as  images  of  real  objects  seen  against  the  background  of  out-of- 
focus images  of  other  objects  in  the  volume  of  interest. 

This  process  of  constructing  a likely  field  of  objects  fails,  however, 
if  the  distribution  is  three  dimensional  and  lacks  sharp  discontinuities. 

This  is  the  situation  one  expects  when  attempting  to  image  the  electron 
density  of  a non-planar  molecule.  In  this  case  a true  reconstruction  of 
the  object  field  requires  a large  number  of  complex  amplitude  distributions 
obtained  by  varying  the  illumination  angle  or  the  orientation  of  the  object 
field  or  both  relative  to  the  aperture  (Sweeney  and  Vest  1973).  Tliis  pro- 
cedure is  difficult  to  realize  with  x-ray  holography  since  it  requires 
positioning  accuracies  of  the  order  of  the  desired  resolution  which  imposes 
enormous  technical  difficulties.  We  shall,  therefore,  limit  our  evaluation 
to  imaging  of  essentially  two-dimensional  object  fields. 


For  light,  U-V  and  x ray  radiation,  only  intensity  sensitive  recording  j 
media  are  available.  To  record,  therefore,  the  complex  amplitude  distri-  ,1 
bution  F(x,y)  of  a given  object  wave  one  has  to  resort  to  interferometry. 


I 
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A second  coherent  wavefront  R(x,y)  (the  reference  wave)  of  known  amplitude  and 
phase  is  made  to  impinge  simultaneously  with  the  unknown  wavefront  F(x,y) 
cn  ^he  aperture,  and  the  intensity  I of  the  combined  excitation  is  recorded. 
This  intensity  is  given  by: 

I = jR  + F|^  = [rI^  + RF*  + R^F  + If]^  . (1) 

This  "interferogram"  now  contains  the  unknown  complex  amplitude  distribution 
multiplied  by  the  known  reference  wave  amplitude  R*,  together  with  the  other 
three  extraneous  terms  in  Eq.  (1)  which  have  to  be  separated  from  the  desired 
term  R*F  in  order  to  recover  the  complex  amplitude  F(x,y) . In  all  practical 
cases  one  can  choose  the  reference  wave  R such  that  |r|  is  a constant  over 
the  aperture  and  therefore  does  not  seriously  interfere  with  the  desired 
distributions.  The  intensities  of  the  wavefronts  R and  F can  furthermore 
be  chosen  such  that  |f|  becomes  negligibly  small  compared  to  RF*  and  R*F 
so  that  the  problem  of  isolating  RF*  reduces  to  separating  the  term  R*F  from 
its  conjugate  complex  F*R.  This  can  be  readily  achieved  (Goodman  1968)  if 
the  complex  amplitude  F is  a band  limited  function  with  a bandwidth  smaller 
than  1/2  the  resolution  capability  of  the  recording  medium.  In  this  case 
the  reference  wave  R can  be  chosen  such  that  the  spatial  spectra  of  RF*  and 
A*F  are  displaced  enough  from  each  other  so  as  not  to  overlap  and  jointly 
occupy  the  full  bandwidth  which  the  recording  medium  is  capable  of  handling. 
Simple  analog  or  digital  filtering  can  then  be  used  to  separate  the  terms 
and  retrieve  the  recorded  complex  amplitude  F(x,y)  unencumbered  by  the  other 
terms  in  the  holographic  recording. 

The  important  result  for  our  considerations  here  is  that  the  spatial 
frequency  of  the  complex  amplitude  F has  to  be  kept  less  than  1/2  the 
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effective  bandwidth  of  the  recording  medium  for  complete  separation  of 
the  terms  R*F  and  RF*. 

We  will  next  show  (cf..  Collier.  Burckhardt,  and  Liu  1971,  § 3.1) 
that  the  obtainable  image  resolutions  of  a hologram  produced  with  a plane 
wave  reference  is  equal  to  the  resolution  with  which  the  complex  amplitude 
F IS  recorded.  This  implies  according  to  the  above  considerations  that 
the  highest  resolution  obtainable  with  a holographic  system  is  1/2  the 
resolution  of  the  holographic  recording  medium. 

7.3.1  The  Zone  Plate 

Since  a scattering  object  may  be  considered  to  consist  of  many  point 
scatterers,  a zone  plate  may  be  thought  of  as  an  elementary  hologram. 
Consider  then  (Fig.  7.1)  a point  source  S of  wavelength  A illuminating  a 
scattering  center  0.  The  intensity  distribution  I on  a plane  H is  then 

given  by  the  interference  between  the  primary  beam  of  complex  amplitude 

i(p  . ^ 

a^e  and  the  scattered  beam  of  amplitude  a2e  so  that 

2 2 

^ “ ^1  ^a  ^^1^2  ^‘^1  ■ ^2^  ' (2) 


The  intensity  fluctuations  along  H are  due  to  the  phase  difference 

~ ^2  " (t)  - SO  - OP) 

/2Tr\  . 2 2,*^  2 ^ 

" {T/  ^ ^ - (v  - u)  - (u^  + x^)  (3) 

when  X <<  u,v  we  have  approximately 


- X 


h - *2  " X 


U 1\  _ 

\v  uf  ~ Xf  ’ 


(4) 
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where  f is  the  effeetlve  feeal  length.  Bright  interference  fringes  occur 
whenever  ((p  - (p  ) = 2nn  or  when  x is  x given  by 


= (2Xfn)^  , 


(5) 


With  a fringe  spacing  x^^^  - = (Af/2n)*^  or  (Ax)^.^  = Af/p  with  p the  zone 

plate  radius. 

The  special  case  of  plane  wave  illumination  is  recovered  by  letting 
V ->  00  and  u ^ 2.  The  resolving  power  of  the  zone  plate  is  related  to  the 
fringe  spacing  for  consider  two  object  points  separated  by  a distance  d. 
These  will  be  resolved  at  a point  on  H subtending  an  angle  6 provided 
d sin  9 - A.  The  fringe  number  in  the  corresponding  region  on  H (at  L = zd) 
is  from  Eq.  (5)  n = L'72Az  where  the  fringe  spacing  is  Ax  = Az/L  = d.  To 
resolve  points  of  the  order  of  a wavelength  apart,  therefore,  a fringe 
spacing  of  the  same  order  is  required  with  plane  wave  illumination.  With 
a spherical  reference  wave  one  has  according  to  Eq.  (5)  still  the  freedom 
in  f to  choose  a recording  density.  The  obtainable  resolution  can  then  be 
decoupled  from  the  resolution  in  the  recording  material.  However,  the 
point  source  chosen  for  illuminating  the  object  must  now  be  limited  in  size 
to  the  resolution  (a  wavelength,  say)  required, for  otherwise  the  path 
differences  from  the  extremes  of  the  source  to  the  recording  plane  can  no 
longer  be  neglected  in  comparison  with  the  resolution.  If  such  a point 
source  were  available  one  might  as  well  use  it  to  build  a projection 
microscope  (cf..  Section  10.2)  with  better  resolution  and  with  less  effort 
than  that  obtained  via  holography  with  the  same  recording  material.  The 
utility  of  the  holographic  approach  in  this  case  clearly  does  not  lie  in 
the  obtainable  resolution.  Holographic  Imaging  might  still  be  useful  due 
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to  the  image  amplification  afforded  by  the  heterodyning  process  of  holo- 
graphy , but  this  also  loses  its  usefulness  if  the  dominant  noise  encountered 
in  the  process  is  the  shot  noise"  of  the  reference  beam,  and  not  additive 
noise  from  the  recording  medium. 

7. 4 Radiation  Tolerance 

An  important  problem  which  bears  on  the  feasibility  of  holographic 
x-ray  microscopy  is  the  number  of  quanta  which  have  to  be  scattered  by  one 
resolution  element  in  the  object  field  to  obtain  a hologram  from  which  a 
useful  image  of  this  resolution  element  (e.g.,  an  atom  in  a large  organic 
molecule)  can  be  derived. 

To  address  this  problem  properly  it  will  be  necessary  to  define 
quantitatively  what  constitutes  useful  image".  The  relationship  between 
the  obtainabi lity  of  a useful  image  and  the  number  of  photons  scattered 
per  resolution  eleiuent  is  a statistical  one.  We  shall  in  later  sections 
relate  the  critical  photon  number  to  the  probability  for  obtaining  a useful 
image  from  a hologram  which  we  assume  to  be  recorded  on  an  ideal  recording 
medium  and  reconstructed  computationally  (with  a digital  computer) . The 
computer  provides  a noise-free  environment  for  the  reconstruction  and  a 
processing  versatility  not  possible  with  analog  reconstruction. 

We  will  find  that  even  under  these  idealized  circumstances  the  number 
of  photons  required  to  be  scattered  out  of  one  resolution  element  of  the 

O / 

object  distribution  is  of  the  order  10  to  10  , that  is,  three  to  four 
orders  of  magnitude  more  than  suggested  in  the  literature  (Chapline  and 
Wood  1975,  1976;  Trammell  1976).  The  total  incident  radiation  intensity  is 
then  likely  to  exceed  the  damage  threshold  of  the  object  under  investigation. 


7.5  The  Gabor  Hologram 
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We  consider  for  the  following  evaluation  a Gabor  hologram.  It  was 
pointed  out  by  Goodman  that  the  recordin3  geometry  afforded  by  a Gabor 
hologram  and  the  required  transparency  characteristics  of  the  objects  are 
ideally  suited  for  x-ray  holography.  The  first  hologram  recorded  with 
radiation  of  significantly  smaller  wavelength  than  that  of  visible  light 
reported  in  the  literature  was,  following  this  suggestion,  a Gabor 
hologram  (Bjorklund  et  al.  1974,  Bjorklund  1974). 

The  very  simple  recording  geometry  of  a Gabor  hologram  is  shown  in 
Fig.  7.2.  A plane  wave  of  amplitude  R illuminates  a planar  object  occupying 
area  0 inside  the  object  Aperture  A^.  The  undisturbed  portion  of  the  plane 
wave  together  with  the  wave  scattered  by  the  object  proceed  to  the  recording 
aperture  A,  which  is  of  the  same  size  as  or  larger  than  A^  and  located  in  a 
plane  (the  holograa  plane)  parallel  to  the  object  plane  at  a distance  z from 
it.  We  assume  that  the  illuminating  plane  wave  impinges  normally  to  the 
object  and  hologram  planes.  The  amplitude  transmittance  of  the  object  is 
tC?,?)  and  satisfies  the  condition: 


1 

0 


t(^,0 


^ dC  dC  - 1 « 1 , 


(6) 


^ and  ? are  the  coordinates  in  the  object  plane. 

The  complex  amplitude  F(x,y)  in  the  hologram  aperture  is  composed  of 
the  undisturbed  plane  wave  amplitude  R and  the  scattered  wave  amplitude 


a(x,y) : 


F(x,y)  = R + a(x,y) 


(7) 
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where  x ar.d  - are  the  cr  • i.  th-'  hologram  plane.  Since  the  illumi- 

nating plane  wave  impinges  normal  .Ly,  R is  constant  over  the  recording 
aperture.  We  can  normalize  the  phase  of  F without  loss  of  generality  such 
chat  R is  a real  constant.  The  intensity  distribution  in  the  recording 
aperture  is  then 


2 2 

I(x,y)  = |F(x,y)|  = R + R[a(x,y)  + a*(x,y)]  + |a(x,y)|^  . (8) 

We  neglect  the  term  |a[  as  small  and  of  second  order  as  mentioned  before 
and  obtain  for  the  intensity  distribution  the  approximation  which  we  shall 
use  in  the  following: 


I(x,y) 


I + a(x,y)  + a*(x,v) 
R 

- 


(9) 


7.5.1  Amplitude  Transmission  and  Scatter  Cross-Sections 

Before  proceeding  to  discuss  the  hologram  recording  process,  we  shall 
relate  the  information  bearing  term  a(x,y)  to  the  scattering  cross-section 
per  resolution  element  of  the  object  distribution. 

As  shown  in  Fig.  7.2  the  object  anerture  A^  which  is  partly  occupied 
by  the  object  is  illuminated  by  the  plane  wave  R.  The  complex  amplitude 
in  A^  (behind  the  planar  object)  is: 


U(?,0  = Rt^(?,C)  , (10) 

where  t^  is  the  amplitude  transmission  function  defined  over  the  full 
object  aperture  A^.  In  the  area  0 covered  by  the  object  proper  t is 

Pi, 

equal  to  the  object  amplitude  transmilssion  function  t,  while  over  the  rest 

of  the  object  aperture  A^  the  amplitude  transmission  function  t is  equal 

A 

to  unity: 
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in  0 


(11) 


A 


otherwise 


We  now  introduce  a modified  object  transmission  function  t'  = t.  - 1 

A 

which  is  defined  over  the  full  object  plane: 


j t - 1 in  0 

t’  = (12) 

( 0 otherwise 

Eq.  (10)  becomes 


U = R + Rt’  . 


(13) 


We  assume  that  the  aperture  is  large  enough  so  that  diffraction  effects 
due  to  the  finite  aperture  size  can  be  neglected.  The  plane  wave  term  R 
of  Eq.  (13)  therefore  propagates  unchanged  to  the  receive  aperture  A.  The 
term  Rt'  undergoes  an  integral  transformation  on  propagating  to  A which  we 
approximate  in  the  usual  way  by  a Kirchhoff-Fresnel  diffraction  integral, 
so  that  (k  = 2'It/X) 


a(x,y)  = 


y»oo  /•oo  , 0 9 9"^ 

I t'(g.C)  exp  {ik[(x-g)  + (y-C)  + z^]  } 

E=— 00  J r=_oo  2 2 7 ^ 

^ ^ [(x-O^  + (y-C)  + 


(14) 


1 R ? 9 

- exp  [ik(x  +y  )/2z] 


O exp 


2 2 

±k(C+C) 


2z 


exp 


ik 


(xC  + y^) 


d?  , 


(15) 


on  expanding  the  square  root  and  neglecting  terms  of  second  and  higher 
powers  in  z,  the  distance  between  the  object  and  hologram  planes.  Since 
the  transmission  function  t'  vanishes  outside  the  object  area  0 it  can  be 
expanded  as  a discrete  Fourier  series: 
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t'(C,0 


EE  V- 

|_l=:-00  V = -00 


2ir± 

a 


(UC  + v^) 


vect  (O  i^ect  (^)  , 

a.  a 

(16) 


where  a is  the  side  of  a square,  oriented  parallel  to  the  coordinate  axes 
C and  which  encloses  the  object  area  0 (Figure  7.3),  and 


a 

rect  (0  = I 

^ lo 


for  a.  < ^ < h 3. 
|C|  > *2  a . 


(17) 


The  integration  over  ^ and  ^ can  now  be  carried  out  by  substitution 
for  t'  into  Eq.  (15).  For  our  purposes  it  is  sufficient  to  consider  the 

« Izj,  corresponding  to  Fraunhofer  diffraction 


far-field  limit  (^^+^^) 


max/X 


a(x,y) 


iR  2 
— a exp 

Z A 


i'tc(x^+y^)  /2z 


oo 

E 

y,v=-<= 


a sine 

yv 


X sine 


(18) 


where  sine  x i sin  x/x.  For  smaller  values  of  z the  central  maximum 
becomes  broader  than  the  sine  function  with  smaller  secondary  maxima.  We 
define  a new  function  a (x,y)  by  cutting  off  the  summarion  in  (18)  at 
|y| , |v I < K where 


a7k 

2Xz  ' 


(19) 


It  follows  from  Eq . (18)  and  the  property  of  the  sine  function  that  a is 
a good  approximation  to  z(x,y)  inside  the  aperture  (i.e.,  for  |x|,  |y|  ^ \/a) 
and  contributes  only  insignificantly  to  a(x,y)  outside  the  aperture. 

The  total  power  P scattered  by  the  object  into  the  aperture  is  there- 
fore in  good  approximation: 
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a(x,y) I dx  dy  = 


y»*+oo 


a(x,y) I dx  dy  , 


(20) 


To  evaluate  the  second  integral  in  Eq.  (20)  we  observe  that  a can  be  repre- 
sented by  a Fresnel  integral  Eq.  (15)  in  terms  of  a band-limited  object 
transmission  function  t".  The  function  t"(^,?)  is  given  by  Eq,  (16)  if  the 
sum  is  cut  off  at  K. 

The  highest  spatial  frequency  in  t"  is  therefore: 


1 _ K _ v/S" 

5-  a 2Az  ’ 


Higher  spatial  frequency  components  in  t ' Eq . (16)  scatter  an  impinging  plane 
wave  beyond  the  solid  angle  subtended  by  the  aperture,  or  represent  gratings 
with  periods  smaller  than  X,  giving  rise  to  evanescent  waves. 

Introducing  a from  the  modified  Eq.  (15)  into  Eq . (20)  yields: 


P 


t"(C,0 


^ dC  d?  . 


(22) 


Since  the  funtion  t"  is  band-limited  with  a maximum  spatial  frequency 
111  we  obtain  a complete  description  of  t"  by  sampling  at  intervals 

= A?  = d with  d = Hi  = \z/}/k.  We  can,  therefore,  replace  in  good  approxi- 
mation the  integral  in  Eq.  (22)  by  a sum  ov^r  all  sampling  points  in  0: 


in,n 

^^bh  = md,  = nd;  n,m  = — a/2d  ...  0 ...  a/2d,  d is  the  area  per 
sampling  point  (the  resolution  element)  which  corresponds  to  the  resolution 
limit  d = derived  above  for  zone  plates.  We  can  write  this  equation  as 


where 


a 

mn 


A t"(E  ,r  ) 
m n 


(23) 
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is  the  scattering  cross-section  of  the  (ra,n)th  resolution  element.  This 
quantity  can  itself  be  expressed  in  terns  of  the  inverse  Fresnel  transform 
of  a(x,y)  via  Eq.  (14),  and  we  write 


F^[a(x,y)  .l  =j  f a(x,y) 

•'A 


dx  dy 


ik(£  h/lz 

m n 


(24) 


or 


a 

mn 


A|F^[a(x,y)]|^/R2  . 


(25) 


If  the  total  scatter  cross-section  of  the  (m,n)th  resolution  element 
T 

be  denoted  by  a , we  have 
mn 


^ T 

a = yo 
mn  mn 


(26) 


where  y is  determined  by  the  solid  angle  subtended  by  A and  the  spatial 
bandwidth  of  the  transmittance  t.  For  point  scatterers  which  scatter  iso- 
tropically we  may  simply  take  y = Q/47t  or 

2 

y = A/ 4Trz  . (27) 

The  maximum  solid  angle  0 = A/z^  is  essentially  set  by  the  resolution 
r line  points  per  unit  length,  of  the  recording  medium  which  from  Section  7.3.1 
is  given  by  r = or  y = Ur)^/47r.  For  a given  resolution,  then,  the  wave- 

length can  be  adjusted  to  obtain  a practical  value  for  (2.  But  the  radiation 
load  cannot  be  reduced  by  operating  at  smaller  wavelengths,  for  this  results 
in  a loss  of  effective  aperature  which  is  not  outweighed  by  the  gain  in 
elastic  versus  inelastic  scattering. 
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While  these  considerations  are  valid  for  a plane  wave  reference  beam, 
we  have  already  noted  that  decoupling  image  from  object  resolution  requires 
an  imaging  capability  which  one  hopes  to  create  with  holography. 

7.  6 The  Recording  Process 

We  assume  for  the  purpose  of  this  discussion  an  ideal  recording  medium. 

It  consists  of  an  array  of  quantum  counters  with  a resolution  high  compared 
with  the  obtainable  image  resolution  r = 7k/\z.  The  number  of  quanta 
registered  by  each  counter  during  the  holographic  exposure  together  with 
the  counter  address  x,y  yields  for  each  exposure  a set  of  numbers  N(x,y,^) 
representing  a stochastic  process.  The  average  number  N(x,y)  of  quanta  which 
the  counter  at  position  x,y  receives  is  proportional  to  the  intensity  I(x,y) 
at  the  counter  location  in  the  hologram  plane,  and  to  the  exposure  time 
which  we  shall  assume  to  be  fixed  for  all  trials.  The  numbers  N(x,y,0  are 
statistically  Independent  from  each  other  if  we  assume  as  the  only  known 
quantity  the  expectation  n of  the  photon  flux  density  of  the  illuminating 
plane  wave.  We  define  the  exposure  time  as  the  unit  of  time.  The  expecta- 
tion n of  the  flux  density  then  corresponds  to  the  illuminating  wavs  intensity 
2 

R . We  assume  all  counters  have  an  acceptance  area  a.  The  number  of  the 
evenly  distributed  counters  is  M.  The  area  a of  each  counter  can  be  less 
than  or  equal  to  A/M.  The  capture  ratio  < = aM/A  is  therefore  less  than  or 
equal  to  one.  The  expectation  of  the  number  of  photons  counted  in  any 
counter  per  unit  time  exposed  to  a flux  of  average  density  n is  N = an. 

We  can  now  write  in  view  of  Eq.  (9)  and  the  above  definitions: 


E[N(x,y,0]  = N 


1 + 


a(x,y)  + a*(x.y) 


R 


= N(x,y) 


(28) 
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The  variance  of  the  process  is : 


= E[(N(x,y,0  - N(x,y))^]  = 


a(x,y)  + a*(x,y) 


R 


~ N = na  . (29) 


Since  a/R  is  very  small  compared  to  unity  we  can  consider  the  variance  of 
the  process  N(x,y,C)  independent  of  the  location  in  the  hologram  aperture 

and  equal  to  the  variance  of  the  photon  flux  density  of  the  illuminating 
plane  wave  times  the  counter  area. 

7. 7 Image  Reconstruction 

The  objective  of  the  reconstruction  process  is  to  recover  the  scatter 

strength  0(^,5)  of  the  object  distribution.  We  can,  as  we  have  seen, 

recover  at  best  the  distribution  of  scatter  cross-sections  O which  is  in 

mn 

essence  an  average  over  one  resolution  element  A of  the  desired  function 

2 

a(5,5)  = |t'(^,C)|  . We  shall  see  in  this  section  that  even  under  ideal 
reconstruction  conditions  the  recovered  approximation  t ' contains  a 
noise  term  which  is  due  to  the  granular  structure  of  the  reference  beam  R. 

Any  analog  reconstruction  includes  an  image  of  the  generally  very 
intense  reference  beam,  which  focuses  at  a different  location  of  the  image  space 
from  that  of  the  desired  image  of  the  object  distribution.  It  can  be  removed  by 
spatial  filtering.  This  filtering  process,  however,  leaves  the  sidelobe 
structure  of  this  very  strong  image  to  interfere  with  the  desired  weak 
reconstructed  image  which  represents  a major  contribution  to  the  image  noise. 

But  this  noise  is  in  contrast  to  the  noise  from  the  granularity  of  the  radi- 
ation a deterministic  function  of  the  average  reference  beam  intensity,  and 
can  therefore  in  principle  be  avoided  (or  removed)  in  a digital  reconstruction. 
One  method  described  in  the  literature  (Mueller  1976)  is  to  subtract  from  all 
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numbers  N(x,y)  the  average  N as  the  first  processing  step.  This  leads  to 
the  new  set  of  numbers  N'(x,y,C)  with  unchanged  variance  and  a mean  which 
includes  only  the  information  bearing  terms: 

E[N'(x,y,C)J  = N \ ; 0^  = N (30) 

The  next  step  in  the  reconstruction  process  is  to  multiply  each  of  the 

2 2 

numbers  N'  with  the  corresponding  values  of  exp  [ik(x  + y )/2z] 

exp  [-ik(xC  + y?  )/z]  and  to  sum  the  resulting  numbers  to  give  a new  set 
^ ^ m n 

T(C  t?  .0-  The  coordinates  C represent  an  appropriately  chosen  loca- 

m ’ n m n 

tion  in  the  object  distribution-  Samples  have  to  be  taken  as  mentioned 

above  at  intervals  commensurate  with  the  size  of  the  resolution  area  A.  This 
operation  is  essentially  the  inverse  Fresnel  transform  introduced  above. 

The  expectation  of  is  therefore  according  to  Eqs.  (24)  and  (30) 

T(I^7y  = (MN/R)  jj'ntt,U(x.y)]  + F^[a’(x,y)]j  . (31) 

The  term  F [a*(x,y)]  represents  the  out-of-focus  conjugate  image  which 
mn 

contributes  to  the  image  noise  but  can  be  neglected  in  our  approximation, 
especially  if  is  kept  small.  We  have,  therefore,  to  sufficient  approxi- 
mation 

T(C  ) a (MN/R)  F [a(x,y)]  . (32) 

m n nin 

2 

The  expectation  E[|T(^^,5^)|  ] is: 

E[|t  i^]=c:^+|T  with  = MN  . (33) 

mn'  ^ T ‘ mn'  T 
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We  obtain,  therefore,  from  Eq.  (33)  with  Eqs.  (26)  and  (32) 

• (34) 

Eq.  (34)  implies  that  the  reconstructed  image  intensity  in  every  resolution 
cell  consists  of  two  term'':  the  desired  image  information,  which  is  pro- 
portional to  the  scatter  cross-section  and  a noise  term  which  is  in 

essence  the  'spatial'  shot-noise  of  the  reference  beam.  The  term  na  in 

nm 

Eq.  (34)  represents  the  number  of  photons  scattered  by  the  resolution 

element  mn  into  the  aperture.  Using  Eq.  (26)  we  can  expresr  na  in  terms 

mn 

of  the  total  number  of  photons  scattered  by  the  resolution  element  and 
obtain  instead  of  Eq.  (34): 

E(1t|^)  = MN(1  + KyPjj^)  (35) 

< is  the  capture  parameter  introduced  above.  Both  y and  K are  significantly 
smaller  than  unity  for  any  conceivable  holographic  recording  system. 

We  shall  discuss  in  the  following  section  how  large  the  number  kyP 

mn 

has  to  be  so  that  the  reconstruction  given  by  Eq.  (35)  as  an  ensemble 
average  constitutes  a usefu  - im^.  g* 

7.7.1  The  Useful  Image 

We  shall  consider  herr.  images  of  object  distributions  consisting  of 

3nd  on  the  a/erage  widely-separated  structure  elements.  It  is 
assumed  that  the  resolution  is  commensurate  with  the  size  of  a structure 
element  of  interest  that  is,  one  image  element  represents  either  none  or 
one  structure  element,  (e.g.,  atoms  in  an  organic  molecule).  We  assume 
that  the  number  of  structure  elements  in  the  object  distribution  is  K,  the 
number  of  resolution  elements  in  the  image  is  L.  We  have  seen  above  that 
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in  a reconstructed  image  each  image  element  contains  a sample  of  the  shot 
noise  intensity,  say  a random  variable  which  averages  to  the  mean 

value  MN.  Some  image  elements  (to  be  precise  K of  them)  receive  the 
additional  intensity  <TPNM,  which  is  essentially  deterministic. 

The  decision  whether  a particular  image  element  represents  a structure 
element  of  the  object  distribution  is  made  on  the  basis  of  whether  the 
intensity  in  this  particular  resolution  cell  is  larger  than  a suitably 
defined  threshold  T • MN,  say.  We  can  now  reduce  the  Concept  of  image 
quality  to  a simple  probability  statera.ent.  We  define  an  image  as  useful 
if  the  probability  is  B (or  less)  that  an  image  point  which  does  not  repre- 
sent a structure  element  has  an  intensity  greater  than  xMN  (false  alarm) 
and  one  that  does  represent  a structure  element  has  an  intensity  smaller 
than  TMN  (miss) . With  this  definition  one  finds  (Van  Trees  1967)  that  the 
deterministic  term  in  Eq.  (35)  has  to  be  four  times  tMI^  or: 

P = p/YK  -»■  4t/yic  . 

mn 

Tn  order  to  determine  T we  observe  that  the  probability  B is  equal  to  the 
probability  that  a given  sample  of  the  shot  noise  intensity  is  greater 
than  TMN.  This  probability  is  (Steinberg  1976): 


or 


T = -^.n  B* 


(38) 
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If  we  want  to  limit  the  ghost  images  to  an  average  a%  of  the  expected  true 
images , 6 becomes 


- ccK 
■ 100  L 


(39) 


The  number  of  image  points  missed  is  then: 


compared  to  the  number  N of  ghost  images: 

8 


N = 

g 100  * 


(40) 


(41) 


If  L/K  is  large  the  number  of  misses  and  ghosts  is  unequally  distributed. 
If  one  distributes  and  more  equally  one  can  limit  the  number  p of 
Eq.  (36)  to  the  range: 


T < p < 4t  . (42) 

To  evaluate  the  significance  of  p assume  an  image  of  an  object  with  a 
thousand  structure  elements  in  a field  of  10^  resolution  elements  and 
require  that  less  than  1/i  of  the  apparent  image  points  are  ghost  images. 

This  implies  a = 1,  K = 10^,  • nd  L = 10^,  or  by  Eq.  (39)  T is  14.  If  we 
relax  the  requirement  and  allow  10%  of  the  image  points  to  be  ghost  images 
T becomes  11.  If  half  of  the  image  points  are  ghost  images  T becomes  3. 

At  this  point  the  image  is  probably  considered  useless  for  most  applications. 
We  see  that  T is  not  very  sensitive  to  changes  in  a.  We  are,  therefore, 
reasonably  safe  to  assume  for  our  following  discussion  a value  of  10  for  x, 
or  20  for  p. 
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7 , 7. 2 The  Number  of  Photons  Scattered  per  Ima^e  Element 

Wa  can  now  ostlmata  the  minimum  numbnr  of  photons  which  have  to  be 
scattered  par  resolution  elamant  to  giva  an  image  with  minimum  acceptabla 
quality.  It  is  proportional  to  tha  thrae  factors  1/y,  1/K,  and  p.  Tha 
three  factors  are  not  Independent  of  each  other.  Tha  correlation  is 
especially  high  between  the  aperture  efficiency  T and  the  aensitivi  y 
parameter  m of  the  recording  or  detection  medium.  Me  can  assume  that  tha 
scattering  of  tha  radiation  considered  here  is  isotropic  in  the  object 
distributions  of  interest.  Tha  factor  l/y  than  becomes  according  to 
Eq.  (27)  1/Y  - We  have  discussed  above  one  apparent  limitation 

of  this  factor  which  is  due  to  the  coupling  of  tha  effective  aperture  site 
to  the  resolution  r (line-pairs  per  unit  length)  ; 


1/Y  = 47r/(rX)' 


(43) 


One  can  in  principle  increase  the  wavelength  and  make  Y approach  its 
theoretical  maximum  of  1/2.  This  implies  a system  with  a large  relative 
aperture  A/t^.  Those  systems  (if  at  all  technically  possible)  have  a num 
bar  of  very  severe  basic  problems.  For  example,  a system  with  A/t  • 1 
already  has  a depth  of  focus  equal  to  the  lateral  resolution  (-  X)  and 
requires  in  our  plane  wave  holograms  a detector  or  recording  medium  of 
equal  depth  resolution  to  discriminate  against  the  longitudinal  inter- 
ference pattern  set  up  by  the  highly  divergent  Interacting  beams.  This 
means  in  the  case  of  2 I lateral  resolution  a 2 8 depth  resolution,  l.e., 
a single  atomic  layer  of  detector  atoms  laid  out  with  2 i tolerance  in 
depth.  Even  if  this  could  be  achieved  the  optimum  value  of  < would  be 
equal  to  the  product  of  the  cross-section  of  the  detector  atoms  for 
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ionizing  collisions  and  the  efficiency  of  the  electron  collecting 

aperture.  For  an  image  resolution  element  size  of  £ = 2 2 the  number  of 

detectors  in  area  A is  M = A/£^  and  K = 2.5  x 10^^  a.  For  copper  at  1 X, 

2 

a 'V  120  cm  /atom  in  teirms  of  the  atomic  weight  A = 63.5  and 

Vrll 

o o 

Avogadro's  number  = 6 x lO  /gm  mole,  corresponding  to  k '^J2.4  xlo~'^.  k is 

increased  with  a higher-Z  material  with  an  absorption  edge  near  1 2.  I'or  Au 

1.04  S)  K = 9.6x10  . Even  with  no  allowance  for  a finite  electron 

collecting  aperture  it  appears  then  that  l/<  cannot  be  made  much  smaller  than 
3 

10  at  1 S.  The  minimum  total  number  of  photons  scattered  per  atom  thus 
reaches  ^ (47r)(2T)/K  2.5  x lo^.  Since  the  photo-electric  cross-section 

3 

a A , K can  be  increased  at  the  expense  of  resolution  by  operating  at  longer 
wavelengths  reaching  its  maximum  value  of  unity  in  the  range  10-20  S depending 
on  the  detector  atoms.  The  volume  of  a resolution  element  then  ranges  from 
10  -10  (S)  and  one  comes  down  to  reasonable  photon  requirements.  But  there 
is  a catch.  Since  objects  of  interest  in  this  range  of  resolution  are  in 
general  many  resolution  elements  thick,  one  encounters  another  severe  problem 
which  is  due  to  the  large  relative  aperture.  If  one  can  provide  the  required 
depth  resolution  in  the  recording  medium,  one  obtains  in  the  image  construc- 
tion, which  now  corresponds  to  one  resolution  plane  in  the  image  space, 
besides  the  reconstructed  image  points  an  image  of  the  intense  and  complex 
interference  structure  of  all  the  out-of-focus  image-amplitudes  in  the  image 
plane.  This  speckle  pattern  is  in  the  cases  of  interest  here  indistinguish- 
able from  the  true  images  and  makes  three-dimensional  x-ray  holography  with 
a depth  resolution  comparable  to  the  lateral  resolution  virtually  impossible. 

This  problem  can  be  avoided  if  one  designs  the  system  such  that  the  depth  of 
focus  becomes  large  compared  to  the  lateral  resolution  element  A^.  This 
leads  to  the  essentially  two-dim.f  asional  holographic  imaging  which  we 
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considered  above.  If  we  assume  a depth  of  focus  k times  the  diameter  of  a 
resolution  element,  we  obtain  from,  the  relation  between  depth  of  focus  and 
resolution  area 

2 2 

A = k AA  . (44) 

And  because  of  the  relation  between  the  aperture  and  the  area  of  the  reso- 
lution element  given  in  Eq.  (20)  we  find: 

1/Y  = ATTk^  . (45) 

This  large  x^alue  of  l/y  is  partially  offset  by  the  increased  potential 

detection  efficiency  < afforded  by  the  greater  permissible  thickness  of  the 

recording  medium.  The  maximum  gain  here  is  a factor  k with  the  limitations 

that  firstly  k cannot  be  larger  than  unity  and  secondly  that  thicker 

recording  material  gives  riso  to  more  cross-talk  due  to  secondaries,  even  if 

the  primary  radiation  .s  kept  in  a narrow  cone. 

If  the  li’iitatxon  is  the  radiation  load  per  volume  element  of  the 

object,  one  gains  another  factor  of  the  order  of  k because  of  the  greater 

object  volume  which  participates  to  create  the  image  and  we,  therefore,  end 

up  again  (if  we  take  everything  on  the  extreme  optimistic  side)  with  a 

minimTun  radiation  load  of  one  to  hundred  quanta  per  atoms  at  a resolution 

of  about  20  S.  The  situation  improves  with  diminishing  resolution  as  A^^^ 

2 

or  A depending  upon  whether  one  has  reached  already  the  maximum  value  of 
the  detection  efficiency. 

7 . 8 Comment  3 and  Conclusion 

All  quantitative  statements  made  in  the  foregoing  pertain  to  plane 
wave  holograms.  If  dispersive,  refractive  or  defractive  optical  elements  are 


available,  they  can  either  be  used  to  make  magnified  imag'--  holograms 
with  comparably  lower  resolution  requirements  than  those  necessary  for  plane 
wave  holograms.  If  the  detection  system  is  a quantum  counter  of  arbitrary 
sensitivity  realized,  for  example,  by  a photoelectric  receiver  followed  by 
an  electron  microscope  which  is  not  limited  by  detector  generated  image 
noise,  then  direct  imaging  and  holography  are  almost  at  a par  with  a slight 
edge  in  favor  of  direct  imaging.  The  image  amplification  due  to  uhe 
heterodyne  process  of  holography  is  of  no  advantage  here,  since  it  is 
effective  only  against  detector  generated  noise  which  can  be  reduced  to 
relative  unimportance  by  increasing  the  intensity  of  the  reference  beam. 

The  holographic  image  amplifier  is  not  effective,  however,  against  detector 
insensitivity.  If  the  recording  medium  is  a photo-resist  film  or 
similar  medium  which  can  be  expected  to  introduce  additive  noise,  holography 
has  an  advantage  if  the  detector  related  noise  is  larger  than  the  shot  noise 

of  the  reference  beam. 

At  the  high  end  of  the  resolution  spectrum  one  cannot,  however, 
expect  the  availability  of  optical  imaging  devices  with  the  required  reso- 
lution. This  is  the  regime  where  imaging  is  only  possible  by  plane  wave 
holography  or  similar  devices  like  Bragg  diffraction  reconstruction. 
Holography,  then,  is  limited  by  the  radiation  tolerance  of  its  objects  to 
resolutions  from  about  20  to  100  1.  Bragg  diffraction  reconstruction  is  not 
limited  in  this  manner  since  firstly  the  radiation  load  is  distributed  over 
the  many  periodically  arranged  identical  object  distributions:  the  unit 
cells  of  a crystal;  and  secondly  because  the  beam  scattered  coherently  by 
the  periodic  array  is  highly  collimated  and  spatially  separated  from  other 
coherently  scattered  beams.  This  improves  the  ease  of  detection  enormously. 
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however,  at  the  cost  of  requiring  a very  large  number  of  exposures  for  one 
reconstruction  accompanied  by  the  loss  of  the  relative  phase  between 
individual  beams. 

An  interesting  possibility  is  a plane  wave  hologram  of  a two-dimensional 
periodic  structure  (crystal).  Here  one  also  distributes  the  radiation  load 
over  a large  number  of  identical  object  distributions  and  obtains  in  one  shot 
all  coherently  scattered  beams  and  preserves  their  relative  phase  relation- 
ship. This  approach  may  well  be  the  only  holographic  approach  to  resolutions 
comparable  with  atomic  dimensions. 


8,  EFFECT  OF  LASER  RADIATION  ON  NUCLEAR  DECAY  PROCESSES 


Nuclear  processes  can  be  influenced  by  involving  the  electrons  suV' 
rounding  the  nucleus  as  these  respond  directly  to  radiation  of  high  intensity. 
Two  possibilities  predominate:  internal  conversion  and  K-electron  capture. 

8. 1 Internal  Conversion 

In  internal  conversion  the  excited  nucleus  decays  to  a lower  level  by 
expelling  a bound  electron.  The  energy  transfer  is  a direct  coupling  between 
the  bound  atomic  electron  and  the  multipole  field  of  the  nucleus.  The  kinetic 
energy  of  the  expelled  electron  is  then  just  the  difference  between  the 
nuclear  transition  energy  AE  and  the  binding  energy  of  the  electron  (Figure 
8.1).  This  mode  of  decay  which  competes  with  radiative  decay  can  clearly 
be  suppressed  by  removal  of  the  electrons  which  participate  in  the  internal 
conversion  process.  Observation  of  this  decrease  in  the  number  of  conversion 
electrons  would,  however,  be  difficult  due  to  the  presence  of  other  electrons 
produced  by  the  ionization  process.  Also,  the  radiative  transition  may  not 
be  strongly  enough  affected  because  of  parallel  conversionless  decay  channels. 
It  has,  therefore,  been  suggested  to  inhibit  series  decay  processes  by  pre- 
ionization  of  Tc  with  E 2 keV.  By  thus  diminishing  the  population  of  a 
lower  nuclear  level  subject  to  decay  by  a Y transition  (1  0)  the  marked 

decrease  in  the  number  of  Y rays  emitted  should  be  readily  detectable.  While 
heating  by  a high-power  infrared  laser  to  a fraction  of  2 keV  will  produce 
substantial  ionization  due  to  the  large  statisti'’al  weight  of  the  free  electron 
state  (Zeldovich  & Raizer  1966) , clearly  an  x-ray  laser  at  a wavelength  5 S 
would  be  more  efficient  and  selective. 
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Figure  8.1.  Internal  conversion  ^ 1)  followed  by  y-ray  emission  (1  0)  . 


8. 2 K-Electron  Capture 

For  inhibiting  K-electron  capture,  an  x-ray  laser  is  an  even  more 
effective  tool  than  a high  temperature  plasma  (Accardo  1958).  This  process 
in  which  an  atomic  electron  is  captured  by  a nucleus,  is  important  as  it 
competes  with  positron  B~decay . Also,  prevention  of  K-capture  which  in  turn 
decays  radiatively  (Figure  8.2). 


A^^ 
p-1  n+1 


aP^ 

P n 


Figure  8.2.  Successive  transitions  of  K-capture  followed  by  nuclear 
radiative  decay. 
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should  then  result 


A reduction  in  the  rate  of  K— capture  by  the  nucleus 

P n 

in  decreased  y-vay  emission  from  the  1 0 transition  of  the  nucleus 

p-1  n+1 

Because  of  the  proximity  of  the  K-shell  electrons  to  the  nucle_s,  most  of 
the  vacancies  are  produced  in  the  K shell  (K-capture).  To  suppress  this 
capture  process,  therefore,  all  atomic  electrons  must  be  removed  from  the 
atom.  Complete  ionization  by  high  temperature,  produced  in  a laser  excited 
plasma,  is  limited  to  light  elements.  A typical  plasma  temperature  obtained 
in  this  way  is  about  1 keV  which  makes  Ca  (Z  = 20)  with  an  ionization 
potent,  al  of  the  twentieth  ion  (==  13.6  Z^ev)  of  about  5 keV  about  the 
heaviest  atom  that  can  be  studied.  On  the  other  hand,  maximum  contrast  in 
this  experiment  would  be  obtained  with  high-Z  nuclides  as  these  have  the 
largest  electron  capture  probabilities  (''^Z^)  . X-ray  lasers  can  thus  find 
useful  application  here.  For  the  ^Be^  atom^  a 50  X laser  would  be 
sufficient;  for  the  higher  Z nuclides  one  needs  lasers  in  the  735/Z^  X 
range.  Detailed  calculations  must  be  carried  out  for  each  particular  case 
to  ensure  that  during  the  lifetime  of  the  ionized  state  a measurable  dose 
of  Y-ray  activity  is  produced. 
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9. 


PROBLEMS  IN  RADIATION  CHEMISTRY 


This  section  considers  possible  applications  of  an  x-ray  laser  beam 
to  problems  in  radiation  chemistry.  Because  of  the  relative  novelty  of 
this  field  to  many  physicists,  a broad  overview  of  the  field  is  presented 
here  together  with  typical  parameters  for  a number  of  specific  processes. 

Some  of  the  techniques  currently  in  use  are  discussed  in  some  detail  so 
that  the  areas  where  x— ray  laser  beams  could  be  advantageous  may  be  more 
clearly  signalized. 

9 . 1 Introduction 

In  recent  years  pulsed  techniques  have  played  an  important  role  in 
research  in  the  twin  fields  of  radiation  chemistry  (radiolysis)  and  photo- 
chemistry (photolysis) . The  two  areas  of  research  differ  only  in  the 
energy  of  the  radiation  used  to  induce  chemical  changes.  Photolysis  methods 
usually  use  quanta  of  energy  in  the  5 eV  or  A = 2500  X ranges,  convenience 
and  availability  of  ultraviolet  sources  dictating  the  choice  of  exciting  source 
Much  higher  energies  are  used  in  radiolysis.  Radiolysis  uses  typically  O/l  MeV 
•f  rays  from  Co  sources  and  1 MeV,  3 MeV,  10  MeV  electrons  from  Linac  or 
Van  de  Graaff  accelerators.  Occasionally  50  keV  x rays  have  been  used. 

The  energy  range  from  ^<50  keV  to  "VZO  keV  is  rarely  reported,  mainly  due  to 
the  lack  of  convenient  energy  sources.  In  spite  of  the  large  disparity  in 
energy  between  the  two  research  areas,  they  have  nevertheless  interacted, 
providing  information  beneficial  to  both  areas  (Thomas  1976).  The  role 
that  a short  pulsed  x-ray  laser  could  play  in  the  aforementioned  fields  may 
be  assessed  from  the  following  discussion.  The  discussion  is  mainly  con- 
cerned with  high  energy  radiation  as  many  of  the  statements  and  conclusions 


also  apply  to  the  low  energy  or  photochemical  field.  On  reading  the  sub- 
sequent discusiiion  it  is  worthwhile  to  bear  in  mind  that  a most  significant 
feature  of  the  work  is  the  observation  of  chemical  entities  at  very  short 
times.  A short-pulse  x-ray  laser  can  easily  extend  the  existing  time 
scale  by  several  orders  of  magnitude. 

9 . 2 Time  Scale  of  Events 

The  action  of  high  energy  radiation  on  matter  eventually  gives  rise 
to  chemical  change,  and  it  is  suggested  that  the  precise  nature  of  these 
chemical  events  may  also  explain  the  course  of  change  in  biological  systems. 
For  the  purposes  of  this  report  we  will  confine  ourselves  to  the  radiolysis 
of  liquid  systems,  where  most  radiation  chemistry  has  been  carried  out. 

Speculation  and  experimental  fact  have  contributed  a picture  of  the 
history  of  the  physical  aiid  chemcal  events  in  radiolysis  (Allen  1961, 
Ausloos  1968,  Matheson  and  Dorfman  1969,  Thomas  1970a,  b,  1971)  which  are 
outlined  in  Fig.  9.1,  Both  excited  species  and  ions  may  be  produced  in 
the  primary  radiation  chemical  event,  and  the  extent  of  these  processes 
has  been  investigated  theoretically  by  the  so-called  optical  approximation. 
On  experimental  grounds  it  is  found  that  ion  chemistry  predominates  in  the 
radiolysis  of  polar  liquids  like  water  and  alcohols,  while  excited  states 
predominate  in  the  radiolysis  of  less  polar  liquids  like  benzene  and 
cyclohexane.  There  are  exceptions  to  this  broad  ruling;  for  example, 
the  radiolysis  of  some  nonpolar  liquids  such  as  tetrahydrofuran  produces 
significant  yields  of  ions  and  low  yields  of  excited  states.  The 
radiolysis  of  other  liquids,  aniline  and  dioxane,  produces  significant 
yields  of  both  excited  states  and  ions. 
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Figure  9.1.  Excitation  of  a molecule  or  system  with  high-energy  quanta. 
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Of  course,  the  mere  production  of  an  excited  state  in  radiolysis  does 

not  necessitate  that  a molecule  has  been  directly  excited  by  secondary 

electrons  to  this  state,  as  ion  neutralization  processes  may  also  lead  to 

excited  molecules,  as  well  as  to  stable  products  or  free  radicals.  In 

polar  liquids  such  as  water  and  alcohols,  the  parent  positive  ion  is 

rapidly  destroyed  by  ar  ion-molecule  reaction  involving  the  solvent.  In 

+ -14 

water  it  is  estimated  that  the  lifetime  of  H^O  is  less  than  10  sec. 

The  fate  of  the  positive  ions  is  therefore  forever  sealed  in  these  liquids. 
However,  in  less  polar  liquids  the  solvent  cation  may  have  a significant 
lifetime  and  produce  a rich  array  of  chemical  processes,  one  of  which  is 
the  formation  of  solute  cations. 

The  electron  which  is  produced  along  with  the  cation  may  react  with  a 
solute  molecule,  producing  an  anion;  it  may  recombine  with  the  cation;  or 
it  may  be  solvated  by  the  solvent,  forming  a solvated  elt^ctron.  It  appears 
that  solvated  electrons  are  formed  in  all  solvents,  and  so  will  be  formed 
in  the  radiolysis  of  liquids.  The  solvated  electron  again  has  a wide  span 
of  chemical  reactions  producing  solute  anions,  etc.  In  the  absence  of 
suitable  scavengers,  some  solvatid  electrons  are  stable,  e.g.,  in  ammonia. 

The  recorabination  of  the  ions  to  produce  products,  one  of  which  may  be 
excited  states,  is  not  a uniform  process.  The  ejected  electron  is  ther- 
malized  at  various  distances  from  the  present  cation,  and  hence  results  in 
a whole  span  of  recombination  times.  From  the  time  scale  of  events  shown 
in  Fig.  9.1  it  is  obvious  that  a method  of  rapid  observation  of  the  physical 
and  chemical  processes  would  greatly  facilitate  the  description  of  the 
radiolytic  events,  indeed  it  may  be  well-nigh  essential.  To  this  end 
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various  pulse  radiolysis  cecnniques  have  been  designed,  and  these  will  be 
described  in  the  forthcomir-g  section. 

9.3  Initiation  of  the  Events 

The  most  convenient  form  of  high  energy  radiation  for  pulse  radiolysis 
experiments  is  a fast  electron.  Energies  of  greater  than  1 MeV  may  con- 
veniently irradiate  small,  less  than  0.1  ml  liquid  samples  and  produce 
fairly  large  quantities  of  species.  A convenient  energy  for  many  experi- 
ments is  7 MeV,  below  the  threshold  for  most  nuclear  reactions,  so  that  the 
sample  and  surroundings  do  not  become  radioactive.  Higher  energies  up  to 
40  MeV  are  more  useful  for  some  experiments,  where  the  sample  is  in  a low 
temperature  dewar  or  a high  pressure  vessel  and  good  penetration  is  needed. 
Also  for  some  picosecond  experiments  the  higher  energy  is  required  to 
produce  Cerenkov  radiation  in  a gas,  the  light  being  used  to  monitor  the 
species.  Heavy  particles  dc  not  have  the  penetration  into  the  sample  to 
make  convenient  observations,  and  x rays  or  y rays  usually  do  not  have  a 
large  enough  linear  energy  transfer  to  give  significant  chemical  change  in 
the  sample  over  a short  irradiation  period. 

9.4  Nature  of  the  Pulse 

The  "’v  ar.  of  pi’.3sed  accelerators,  both  linac  and  Van  de  Graaff,  has 
provided  the  necessary  means  of  producing  the  radiation  events  in  a short 
period  of  time,  for  subsequent  rapid  observation.  Well  defined  1 nsec 
pulses  with  peak  currents  up  to  5 amp  mt.y  be  produced  in  Van  de  Graaff 
accelerators  (Hunt  and  Taouias  1107),  and  many  institotos  this 

type  of  machine  for  pulse  radiolysis.  Slightly  longer  pulses  from  5 to 
10  nsec  may  be  generated  in  Linacs  with  peak  currents  up  to  20  amps, 
the  ele-tron  energy  being  larger  and  the  sample  geometry  easier  to  achieve. 
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It  is  this  last  class  of  machine  which  enables  the  radiation  chemist  to 
push  the  domain  of  his  time  observations  to  short  limits  in  the  psec 
region.  The  fine  structure  of  the  Linac  beam  contains  rows  of  pulses  which 
for  a L band  machine  may  be  35  psec  wide,  full  width  half  height  separated 
by  770  psec,  the  duration  of  the  train  being  10  to  20  nsec.  Indeed  with 
selective  conditions  a single  fine  structure  pulse  may  be  extracted  from 
the  machine  (Palmer  and  McGuire  1967) . The  exact  shape  and  duration  of 
such  pulses  are  now  known,  but  Fig.  9.2  shows  a target  measurement  of  two 
pulses  from  a 10  nsec  row  of  pulses  from  tne  Notre  Dame  7 MeV  Linac  (Beck 
and  Thomas  1972).  The  fine  structure  pulses  are  observed  with  a trans- 
mission line  target  (Beck  and  ochutt  1972)  having  a rise  time  of  18  psec. 
The  pulses  are  approximately  45  psec  (FWHM)  in  duration  and  have  a peak 
current  of  about  60  amps.  A significant  and  measurable  cheniical  change 
is  produced  by  one  of  these  fine  structure  pulses  and  the  e-’ent  may  be 
observed  up  to  the  next  pulse,  i.e.,  for  770  psec.  For  subsequent  obser- 
vation it  is  more  convenient  to  utilize  one  nsec  pulses  on  a Van  de  Graaff 
accelerator.  Shorter  fine  structure  pulses  may  be  produced  on  an  s-band 
Linac  and  thus  incrt'.ase  the  time  resolution  of  the  experiments  somewhat. 
However,  the  time  resolution  will  not  improve  beyond  '^^20  psec.  An  x-band 
Linac  may  improve  the  time  resolution  to  %11  psec.  The  possibility  of 
utilizing  such  a machine  now  is  remote  and  time  resolution  is  20  psec  or 
longer.  The  best  mode  locked  laser  experiments  are  then  at  least  a factor 
of  ten  (<2  psec)  better  than  the  corresponding  radiolysis  experiments. 

Tlie  advent  of  a 10  sec  x-ray  laser  pulse  would  immediately  "set  the 
ball  rolling"  again. 
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However,  rapid  initiation  is  not  sufficient  in  itself  and  rapid 
detection  and  observation  of  the  resulting  physical  and  chemical  processes 
must  be  achieved.  The  next  section  presents  three  techniques  that  have 
been  utilized  and  could  be  adapted  to  observe  events  initiated  by  an 
x-ray  laser  pulse. 

9.5  Detection  of  the  Intermediates — Picosecond  Time  Range 

A schematic  representation  of  the  Notre  Dame  psec  layout  is  shown 
in  Fig.  9.3.  The  liquid  under  investigation  is  flowed  through  a 0.5  cm 
square  suprasil  sample  cell,  and  is  irradiated  by  10  nsec  rows  of  R.F. 
pulses.  The  emission  or  absorption  spectra  of  the  short-lived  chemical 
intermediates  are  monitored  by  a spectrophotometric  technique  as  shown  in 
the  figure.  The  light  from  an  Osram  XEO  450  watt  Xenon  lamp  which  is 
Dulsed  for  120  psec  to  a current  of  600  A at  a renetition  rate  of  10  pps. 
or  a 4 W arson  ion  laser  CCohcrent  Radiation.  Mcdel  52B) . is  focused 
throush  the  sample  cell  via  a lens  and  mirror  svstem  into  the  entrance 
slit  of  a Bausch  and  Lomb  monochromator  (Model  33-86-02).  An  iris  lz  the 
exit  window  of  the  cell  limits  the  field  of  view  of  the  detection  svstem 
and  a light  chonner  decreases  the  average  light  intensity  falling  on  the 
cathode  of  an  ITT  F— 4014  biplanar  photodiode.  This  is  mounted  in  a high- 
speed holder  which  is  designed  to  match  the  diode  to  a 50  Q system  and  to 
allow  operation  of  the  diode  up  to  10  kV,  as  the  response  to  an  increase 
in  light  level  is  determined  by  the  flight  time  of  the  photoelectrons 
between  cathode  and  anode.  Detailed  consideration  of  the  diode  performance 
'^ill  be  given  elsewhere.  The  linearity  of  the  photocurrent  vs.  light 
intensity  was  checked  with  calibrated  neutral  density  filters  and  by 
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observing  the  Cerenkov  radiation  from  cyclohexane  with  the  analyzing 
light  alternately  on  and  off.  With  complete  illumination  of  the  cathode 
current  of  120  mA.  It  should  be  noted,  however,  that  some  diodes  showed 
considerable  fategue  e’^en  at  4 pA  mean  current. 

The  output  of  the  diode  is  fed  into  a Tektronix  S-4  sampling  head 
(rise  time  25  psec) , stored  in  a NS-44  digital  averager  (Northern 
Scientific),  and  plotted  on  an  X— Y recorder.  An  advance  trigger  for  the 
sampling  oscilloscope  is  provided  by  operating  the  linear  accelerator  in 
double  pulse  mode  which  results  in  two  10-nsec  beam  pulses  in  one  rf 
envelope  separated,  by  120  nsec.  These  pulses  are  sensed  by  a current 
loop  which  permits  the  oscilloscope  to  be  triggered  by  the  first  pulse, 
while  the  radiolysis  events  of  the  second  pulse  are  observed.  Figure  9.4 
shows  the  response  of  the  detection  system  to  Cerenkov  radiation  from 
cyclohexane  produced  by  two  fine  structure  pulses.  The  diode  was  operated 
at  8 kV,  corresponding  to  a flight  time  of  60  psec.  The  observed  rise 
and  fall  times  (10-90  percent)  are  75  psec.  The  ri.se  time  in  addition  to 
the  portion  caused  by  the  flight  time  is  due  to  the  pulse  shape  and  trigger 
jitter.  The  overall  rise  time  of  the  detection  system  is  60  psec. 

A deconvolution  technique  may  be  used,  however,  so  as  to  improve  the 
time  resolution  to  <5  psec  (Beck  and  Thomas  1972).  The  recent  development 
of  streak  cameras  enables  a time  resolution  of  <2  psec  to  be  obtained 
(Mavrogenet  et  al.  1976).  Direct  optical  detection  thus  enables  one  to 
achieve  a time  resolution  of  '^2  psec. 

9 . 6 Stroboscopic  Techniques 

An  alternative  psec  technique  for  absorption  spectral  studies  has 
been  developed  by  Hunt  and  coworkers  (Bronskill  et  al.  1970,  Wolff  et  al. 
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Figure  9.4.  Cerenkov  radition  from  cyclohexane  produced  by  two  fine 

structure  pulses  as  observed  with  the  picosecond  detection 
system. 
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1970,  Aldrich  et  al.  1972).  The  technique  utilizes  the  Cerenkov  light 
flash  produced  by  the  high  energy  radiation  as  a probe  for  the  chemical 
species  produced.  The  high  energy  radiation  beam  (40  MeV) , initially 
transverses  10  cm  of  air  and  produces  pulses  of  Cerenkov  light  which  are 
identical  to  the  initial  radiation  pulses.  These  light  flashes  are 
deflected  out  of  the  path  of  the  radiation  by  the  use  of  mirrors,  the 
radiation  beam  continuing  to  Irradiate  the  sample.  The  light  flashes  are 
then  passed  through  the  irradiated  sample  and  the  emerging  light  monitored 
both  with  respect  to  intensity  and  spectral  distribi’tion.  By  judicial 
choice  of  a mirror  system  the  light  flashes  may  be  delayed  known  amounts 
of  time  after  the  irradiation  process,  the  time  being  a fraction  of  the 
velocity  of  light  and  the  light  path.  The  intensity  of  the  light  flashes 
then  measure  the  concentration  of  the  short-lived  radiation  produced 
species.  Hence  the  time  dependence  and  the  absorption  spectrum  of  the 
species  may  be  determined.  This  technique  has  the  great  advantage  in  that 
the  time  response  of  the  system,  which  is  about  10  to  20  psec,  is  not 
controlled  by  the  response  time  of  the  detection  system,  but  by  the  sample 
geometry  and  the  length  of  the  fine  structure  pulses.  The  technique  is 
not  suitable  for  emission  studies  in  its  present  form,  however.  This 
technique  has  been  used  successfully  in  mode  locked  laser  experiments  to 
achieve  respoi  se  times  of  '^^1  psec.  Rapid  time  resolution  to  about  1 psec 
has  been  used  in  pulse  radiolysis  studies.  Similar  techniques  could  be 
used  in  conjunction  with  an  x-ray  laser.  However,  it  is  hoped  that  the 
time  resolution  could  be  improved  beyond  1 psec  in  order  to  fully  utilize 
the  "1/1000"  psec  pulse  width  of  an  x-ray  laser. 
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9 . 7 Problers  to  be  Solved  In  Radiation  Chemistry 

An  x-ray  laser  would  greatly  improve  the  time  resolution  in  pulse 
radiolysis  studies.  Three  basic  research  areas  should  be  investigated 
as  indicated  by  Fig.  9.1: 

a)  Observation  of  very  short  lived  species  such  as  higher  excit'd 

-13  -12 

states  with  lifetimes  of  10  - 10  sec. 

b)  Measurement  of  ..egion"  of  higher  local  energy  loss  where  the 
concentrations  of  chemical  species  are  high  and  rapid  initial  reaction 
takes  place.  This  area  includes  rapid  geminate  ion-neutralization.  The 
tail  end  of  this  process  has  been  measured  already  by  Hunt  et  al.  (loc. 
cit.)  and  Thomas  et  al.  (1968),  but  more  rapid  time  resolution  is  needed 
to  observe  the  entire  process. 

c)  The  observation  of  rapid  relaxation  processes,  in  particular 
the  reorganization  of  the  solvent  around  a radiation  produced  species, 
e.g.,  electron.  This  may  be  termed  solvation  of  the  species  involved. 

9.8  Feasibility  of  Utilizing  X-Ray  Laser 

An  x-ray  laser  with  the  following  properties  would  be  useful  in 
these  studies: 

Pulse  Width  10  sec 

Output  1 joule 

Wavelength  1 S (12.6  keV) 

Pulse  Width:  The  previous  sections  emphasized  the  great  utility  of  such  a 
short  pulse  of  radiation. 

Output : In  many  pulse  radiolysis  experiments  an  electron  pulse  of  radiation 
will  have  the  following  properties: 

—8 

Beam  Energy  10  MeV  (electrons) , 10  sec  duration 

Current  2 amps 

% absorption  in  sample  "^20  % 
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In  other  words,  the  e lergy  absorbed  in  the  sample  is  about  0.04  joules. 

The  concentration  of  chemical  species  produced  by  such  a pulse  approaches 
a concentration  of  a few  ymoles/l,  and  can  be  readily  detected.  For  many 
studies  a much  lower  concentration  of  chemical  species  can  be  monitored, 
especially  if  the  species  are  fluorescent.  The  output  of  the  x-ray  laser 
exceeds  the  above  limit  and  sufficient  chemical  species  should  be  produced 
for  detailed  observation. 

Wavelength:  A wavelength  of  '^^12  keV  x ray  provides  some  problems  in 
penetrating  the  sample  container  and  irradiating  a liquid  sample.  For 
1*.  keV  X rays  the  half  stopping  power  for  aluminum  is  100  mgm/cm^.  This 
value  can  also  be  used  for  water.  Thus  50  percent  of  the  x ray  is  stopped 
in  1.0  mm  of  H2O.  The  walls  of  a container  would  have  to  be  very  thin 
and  of  low  density  material.  Special  optics  would  be  needed  to  observe 
chemical  changes  following  irradiation.  These  problems  could  be  solved, 

especially  if  the  species  produced  were  observed  by  luminescence  techniques. 
9.9  Radiolysis 

It  has  been  shown  previously  thet  the  irradiation  of  water  with  high 
intensity  light  flashes  (Thomas  and  Hart  1964)  or  high  intensity  pulses  of 
15  MeV  electrons  (Thomas  and  Hart  1962) , leads  to  the  production  of 
hydrogen,  hydrogen  peroxide,  and  oxygen. 

The  light  induced  mechanism  is  the  production  of  H and  OH  radicals 
from  the  photolysis  of  water  with  light  of  wavelength  <2100  S. 

H^O  H + OH 
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The  subsequent  radical  reactions  lead  to  O2  and  H2O2 
H + OH  ->  H2O 
H + H H2 
OH  + OH  ^ H2O2 
OH  + H2O2  HO2  + H2O 
OH  + HO2  ^02“^  ^2^ 

The  higher  energies  of  the  fast  electrons  produce  ionization  of  the  water: 
H2O  ^ H20'^  + e 

Solvation  reactions  of  the  ions  produce  01  and  solvated  ion 

H^O"^  + H O OH  + H.O"^  e"  + H^O  ->  e~ 

^ ^ d 2 aq 

followed  by  e^^  + H ->  H.  The  subsequent  reaction  of  OH  + H to  give  H2, 

^2  ^ ^2*^2  before. 

It  is  anticipated  that  the  high  intensity  pulse  of  a '^1  S laser  will 
simulate  the  high  intensity  electron  pulses,  H2,  O2  and  H2O2  being  produced. 
To  some  extent  the  energy  of  the  x-ray  laser  is  converted  to  chemical  energy 
in  the  formation  of  irradiation  products  of  H2O  viz.  H2,  O2  + H2O2.  Because 
of  the  inefficiency  of  the  eventual  x-ray  laser,  however,  it  appears  unlikely 
that  this  procedure  will  yield  an  economic  source  of  fuel.  However,  as  a 

tool  for  studying  the  fundamental  chemistry  of  the  process,  it  may  prove 
invaluable. 
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10.  MICROSCOPY 


The  potential  of  x rays  for  microscopy  was  appreciated  already  by 
their  discoverer  (Rbntgen  1895) . No  refractory  materials  were  found  and 
the  concept  of  an  x-ray  microscope  was  not  discussed  until  several  decades 
later  when  it  was  realized  that  x rays  could  be  focused  by  reflection. 

Contact  radiography,  however,  was  almost  immediately  applied  to  the  study 
of  botanical  specimens  (Burch  1896,  Ranwez  1896)  and  of  alloys  (Heycock 
and  Neville  1898).  The  resolution  was  limited  to  the  0.2  pm  set  by  the 
optical  microscope  needed  for  enlarging  the  microradiography.  This  has 
been  reduced  to  about  0.1  pm  by  viewing  with  the  electron  microscope  and 
by  the  use  of  grainless  recording  materials.  Recent  indications  are 
(Spiller  et  al.  1976)  that  a resolution  down  to  0. 01  pm  is  achievable  in  this  way. 
Point  projection,  in  which,  a narrow  beam  of  x-rays  is  produced  by  a finely 
focused  electron  beam  impinging  on  a thin  target  and  magnification  is 
obtained  by  placing  the  object  close  to  the  source,  has  also  been  practiced 
for  decades  (Ardenne  1939,  Cosslett  and  Nixon  1951,  1953).  In  this  procedure 
the  x-ray  beam  can,  of  course,  also  be  used  as  a scanning  microscope  where 
the  object  is  examined  point  by  point.  The  electron  beam,  itself,  can  be 
used  in  this  mode  but  then  examination  is  limited  to  the  surface  of  the 
specimen  because  of  the  limited  range  of  the  electrons. 

In  the  following  we  will  briefly  examine  these  methods  to  determine  how 
the  properties  of  x-ray  laser  can  aid  in  their  application.  Details  may  be 
found  in  the  comprehensive  text  of  Cosslett  and  Nixon  (1960) . 
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10*1  Contact  Microradiography 


In  this  procedure  the  object  is  placed  essentially  in  contact  with 
the  recording  material  and  illuminated  with  x-rays.  Apart  from  its  purpose - 
the  examination  of  detail  in  the  specimen  - it  cc  'responds  closely  to  the 
technique  of  lithography  described  in  some  detail  in  Section  3.  The  ultimate 
aim  is  to  produce  on  film  or  on  a grainless  recording  medium  a shadowgraph 
of  the  specimen  with  the  highest  resolution  compatible  with  a high  degree 
of  contrast  and  the  least  amount  of  geometrical  distortion. 

10.1.1  Resolution 

We  have  already  pointed  out  in  Section  3 the  importance  of  penumbrrl 
blurring  in  limiting  resolution.  The  penumbra  in  terms  of  the  parameters 
of  Figure  3.2  is  5 S d/D.  Thus,  6 can  be  reduced  by  minumizing  the 
angular  size  of  the  source  d/D,  with  the  minimum  value  of  S ultimately 
limited  by  the  total  thickness  of  the  specimen  and  the  emulsion.  From 
Seometrical  considerations  the  effective  angular  width  for  a given  intensity 
can  be  reduced  either  by  selecting  a smaller  source  or  by  increasing  D,  the 
limit  being  finally  set  by  the  intensity  required  for  a reasonably  short 
exposure  time.  If  this  factor  can  be  sufficiently  controlled,  the  resolution 
then  depends  on  unsharpness  due  to  Fresnel  diffraction.  For  a wavelength 
A the  minimum  fringe  width  f = (tA)^/^  ^ specimen  thickness. 

Radiation  of  1 S thus  limits  the  resolution  to  0.1  ym  with  a specimen  100  ym 
thick,  and  the  same  resolution  is  obtained  for  a 10  ym  thick  specimen  at 
the  biologically  more  useful  wavelength  of  10 

A serious  lower  limit  on  possible  resolution  is  due  to  the  finite 
range  of  photo-electrons  ejected  from  the  atoms  by  x radiation  falling  on 
the  recording  medium.  In  conventional  film  this  can  range  from  more  than 


177 


20  ym  for  35  kV  el 'otrons  to  about  0.1  ym  for  1.5  kV  electrons  (Bellman  and 
Engstrdm  1952),  varying  as  the  square  of  the  electron  energy  (Eq.  3).  If 
a resolution  better  than  0.1  ym  is  sought,  it  becomes  necessary  to  work  at 
wavelengths  longer  than  about  10  S.  Similar  results  apply  to  most  photo- 
resists. Since  the  grain  separation  of  high-resolution  emulsions  is  in  any 
case  of  order  0.1  ym,  these  considerations  are  particularly  important  for 
grainless  media,  especially  for  the  negative  photo-resists  where  the  photo- 
electrons can  cause  prlymerization  beyond  the  edges  of  the  desired  image 


boundari es . 

For  maximum  resolution,  then,  a source  is  required  of  high  intensity 


and  Siiall  angular  divergence  in  the  soft  x-icy  wavelength  region. 


10.1.2  Contrast 

The  contrast  achieved  depends  on  the  relative  absorption  by  the  object 
in  comparison  with  the  adjacent  region.  If  we  denote  by  y^  the  object  linear 
absorption  coefficient  and  by  y the  absorption  coefficient  of  the  adjacent 
region,  the  discrimination  is  measured  by  the  ratio  C'f  the  transmitted  in- 


tensities 


I /I 
o a 


(1) 


for  specimen  thickne^ss  t.  For  a detection  sensitivity  of  5/o  this  means 

(y  -y  )t  iT.ufi't  be  of  the  same  order  since  for  small  differences  in  absorption 
o a 

the  differentiar  contrast  (7.  - I )/I^  - (y  -y  )t.  Imposition  of  a given 

^03  03 

discrimination,  thcrtfiore,  imposes  minimum  thickness  requirements  for  the 
various  elements  makir.g  up  the  some  examples  are  given  in  Table  10  • 1 

for  a number  of  wave 1 eng  hs  (Cosslett  and  Nixon  1960).  Figure  10.1  exhibits 
the  penetration  of  x-rays  ranging  in  wavelength  from  less,  than  1 X to  10  R 
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for  some  common  elements  and  substances.  The  ordinate  is  in  terms  of  the 
half-value  layer  or  the  thickness  reducing  by  two  the  incident  intensity. 

The  limitations  on  biological  materials  are  particularly  severe  due 
to  their  low  value  of  Z.  Taking  carbon  as  a typical  constituent,  we  obtain 
a thickness  requirement  of  2000 X for  10 X radiation.  Details  much  smaller 
than  this  dimension  can  only  be  seen  by  using  longer  wavelengths,  or  by 

staining  with  high-Z  elements,  or,  of  course,  by  lowering  the  detection 
threshold. 

An  exception  to  these  general  considerations  occurs  when  radiation 
IS  available  of  wavelength  above  absorption  edges.  For  example,  working 
at  the  high  wavelength  side  of  the  Cu  K-edge  (1.38  8)  can  yield  a differential 
absorption  of  at  least  3000  cm  ^ with  respect  to  platinum  (Figure  10.2). 

Also,  quantitative  measurements  of  element  concentrations  can  frequently 
be  optimized  by  using  two  wavelengths  straddling  an  absorption  edge  (cf. 
Section  4.1).  For  highly  accurate  work  in  which  the  absorption  coefficients 
are  precisely  known  as  a function  of  wavelength  it  is  clearly  important  to 
have  available  radiation  of  narrow  linewidth  and  sufficient  intensity,  such 
as  that  provided  by  a laser,  to  yield  short  exposure  times. 

10.2  Point  Projection 

In  point  projection  the  object  is  placed  close  to  a small  source  and 
magnification  is  obtained  as  in  a pinhole  camera.  The  main  differences 
between  this  method  and  contact  microscopy  are,  therefore,  the  large  object- 
recording medium  distance  and  the  more  stringent  intensity  requirements  on 
the  source  which,  for  equal  resolution,  must  be  reduced  by  the  magnification 
factor.  Useful  source  size  is  not  limited  by  the  spot  size  of  the  focused 
electron  beam  but  rather  by  the  heat  dissipation  limitations  of  the  target 
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material,  and  the  scattering  range  of  the  electrons.  These  factors  ultimately 
limit  the  attainable  brightness  and  x-ray  spot  size,  particularly  at  short 
wavelengths. 

10.2.1  Resolution 

The  achievable  resolution  is  given  as  for  contact  microscopy  by  penumbral 
blurring  and,  finally,  by  Fresnel  diffraction.  In  the  notation  of  C‘=‘ction  3, 
the  object-photo-resist  distance  is  S,  the  source-object  distance  is  D,  and 
the  source  dimension  is  d.  The  width  of  the  penumbra  is 

(S  = S d/D  . (2) 

The  magnification  M=l  + S/D,  and  the  resolution  in  the  object  plane  is 
essentially  (S/M  = d because  in  point  projection  microscopy  D«S.  The  reso- 
lution is  thus  directly  related  to  the  dimension  of  the  source  for  high 
magnification. 

Fresnel  diffraction  effects  may  become  significant  at  the  longer  wave- 
lengths. From  diffraction  results  for  an  opaque  straight  edge  it  follows 

1/2 

that  the  width  of  the  first  fringe  is  approximately  given  by  (MSA) 

For  small  S this  leads  back  to  the  result  already  given  in  Section  10.1.1. 

For  high  magnification,  however,  the  reduced  fringe  width  in  the  object 

1/2  1/2 

plane  becomes  (SA/M)  = (DA)  . When  this  is  compared  with  the  geometric 

resolution  limit  given  above  it  appears  that  Fresnel  diffraction  becomes 

2 

the  more  important  limiting  factor  unless  A < d /D.  At  a resolution  of 
0.1  pm  and  a wavelength  of  10  S — needed  for  reasonable  contrast  in  biological 
specimens  - this  limits  D to  10  pm  or  less,  a serious  restriction. 

10.2.2  Electron  Scattering 

We  have  seen  that  a small  spot  size  is  crucial  if  the  point  projection 
technique  is  to  yield  high  magnification  and  minimal  penumbral  blurring. 


The  spot  produced  by  focusing  electrons  on  a target  will  spread  beyond  the 
focus  by  the  outward  diffusion  of  electrons.  To  compensate  for  this  by 
making  the  target  thinner  only  results  in  serious  loss  of  intensity. 

The  effect  of  electron  scattering  on  spot  size  is  expressed  by  the 
following  approximate  result  for  the  range  of  the  electrons  (Whlddlngton 
1912,  1914;  Lane  and  Zaffarano  1954;  Paul  and  Steinwedel  1955). 

x^  = (A/a2PZ)V^  (3) 

in  terms  of  the  tube  voltage  V,  atomic  weight  A,  atomic  number  Z,  and  density 
P of  the  target  material,  and  a constant  a^  which  is  of  order  10^^  for 
high-Z  elements.  For  an  aluminum  target  the  range  x at  10  kV  is  then 
of  order  1 pm,  in  reasonable  agreement  with  the  measurements  of  Young  (1956, 
1957).  This  expression  is  sufficient  as  a rough  indication  of  spot  size, 
although  the  actual  diffusion  disk  may  be  up  to  a factor  two  smaller  because 
the  scattered  electrons  that  emit  most  of  the  radiation  remain  confined  to 
a forward  cone  of  half-angle  30  i^Langner  1957) . For  a given  target  material, 
then,  the  spot  size  varies  as  V while  the  intensity  from  targets  comparable 
in  thickness  to  the  electron  range  is  proportional  to  their  thickness.  Con- 
sequent].y , a typical  optimum  target  thickness  is  of  the  order  of  a pm  at 
10  kV  and  only  0.01  pm  at  1 kV.  The  increased  resolution  for  soft  x-rays 
can,  however,  only  be  obtained  at  very  low  intensities,  while  higher 
intensities  can  only  be  produced  at  poorer  resolution.  Typical  operating 
conditions  for  a fine  focus  tube  are:  beam  current  25  pA,  anode  voltage 
10  kV  and  specific  loading  100  kW/mm  . The  conversion  efficiency  fr^m 
electron  to  x-ray  power  is  approximately  given  by  1.3xl0~®  ZV  (Compton 
and  Allison  1935,  Dyson  1959)  so  that  the  power  in  the  x-ray  beam  is 

P 1.3  X 10”^  ZV^I  , (4) 
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with  V in  volts  and  I in  amperes.  For  a copper  target  the  conversion 
efficiency  is  3.8  x lO"^  at  10  kV  , corresponding  to  a total  x-ray  power 
of  95  yw  at  I = 25  yA.  The  characteristic  line  intensity  is  always  less 
than  this  continuum  power;  at  10  kV  for  the  copper  line  the  fraction  is 
only  about  1%,  though  the  relative  number  of  quanta  of  characteristic  radi- 
radiation  rises  with  excitation  voltage:  to  25%  at  25  kV  and  to  40%  at 
45  kV  (Worthington  and  Tomlin  1956) . 

10.3  Imaging  by  Refraction  and  Reflection 

X-rays  can  be  focused  by  refraction  or  by  reflection  off  curved  surfaces. 
We  will  see,  however,  that  refraction  involves  excessively  long  optical  paths, 
while  reflection  is  limited  by  narrow  field  of  view  and  loss  of  intensity 
if  high  resolution  is  to  be  achieved. 

10.3.1  Refraction 

Far  from  optical  resonances,  the  refractive  index,  n,  at  x-ray  wavelengths 
is  determined  primarily  by  the  electron  density,  as  for  a plasma.  Away  from 
absorption  edges  we  have 

2 

, 4uNZe 

n - 1 , 

mU) 

where  to  is  the  frequency  of  the  incident  raditaion,  Z the  atomic  number, 

N the  electron  density,  and  m the  electron  mass.  A useful  quantity  is  the 
deviation  6 of  n from  1: 

in  2 

5El-n=2.70x  10  ZpA  /A  , (6) 

in  terms  of  the  wavelength  A and  the  material  density  p.  The  refractive 
index  for  x rays  is  thus  less  than  unity,  and,  typically,  6 ranges  from  10 
to  10“^  for  medium-Z  elements  at  1 S.  The  refractive  power  oJ  materials  for 


t 
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X rays  is  therefore  five  to  six  orders  of  magnitude  smaller  than  that  for 
visible  light. 

Focusing  by  refracting  optics  is  nevertheless  still  possible,  but  with 
the  roles  of  concave  and  convex  lenses  reversed  from  their  functions  for 
visible  light;  a concave  lens  is  focusing  for  x rays.  As  an  example  of 
the  magnitudes  involved,  consider  the  focal  length,  f,  of  a biconcave  lens 

of  radii  of  curvature  R.  By  the  lensmaker's  formula  f = R/26  or  f = 100  m 

-5  2 

with  R = 1 cm  and  6 = 5 x 10  . The  focal  length  decreases  as  1/A  so 

that  at  10  X f could  be  brought  down  to  about  a meter  which  begins  to  be 

3 

useful.  Unfortunately,  the  absorption  increases  as  A which  again  limits 
the  optical  path  to  excessively  long  lengths.  Finally,  for  refractory 
techniques  to  be  useful  at  all  it  is  essential  to  use  highly  monochromatic 
radiation  because  of  the  strong  A-dependence  of  6. 

10.3.2  Reflection 

To  obtain  magnification  in  acceptable  distances  it  is  necessary  to 

rely  on  total  reflection  of  x rays.  This  occurs  when  x rays  are  incident 

on  a material  at  angles  less  than  some  critical  angle  6^  given  by 

0^  = cos  n or,  because  of  the  smallness  of  6,  9^  - (26)^  which  typically 

ranges  from  1-10  mrad.  Table  10.2  gives  some  typical  values  (Cosslett  and 

Nixon  1960)  for  6 and  0^.  When  absorption  is  also  taken  into  account  it 

is  found  (Hildenbrand  1956)  that  the  reflection  efficiency  drops  to  as  little 

as  10  percent  near  0^  so  that  the  useful  angle  of  incidence  is  actually 

much  less  than  0 . 

c 
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Variation  in  absorption  coefficient  with  wavelength  for 
copper  and  platinum,  in  the  neighbourhood  of  the  CU-K 
and  Pt-L___  absorption  edges.  (Cosslett  and  Nixon  1960) 


Table  10.2 


Z 

X = 0 
6x10^ 

.708  X 

9 xio^ 
c 

A = 
6x10^ 

2.28  X 

9 xio^ 
c 

A = 8 
6xio'^ 

.3  X 

0 xio^ 
c 

A1 

13 

1.75 

1 87 

1.83 

6.05 

2.41 

2.19 

Ag 

47 

6.35 

3.55 

6.60 

11.5 

8.75 

4.18 

Au 

79 

10.5 

4.55 

10.9 

14.7 

14.4 

5.35 

Focusing 

by  total 

reflection 

from  curved  surfaces 

has  been 

studied 

for  many  years  beginning  with  Jentzsch  (1929)  and  developed  further  by 
Kirkpatrick  and  Baez  (1948) . Even  cursory  examination  of  the  geometry 
with  the  necessarily  small  incident  angles  involved  leads  to  the  presence 
of  severe  aberrations  in  non-paraxial  systems  if  any  magnification  at  all 
is  to  be  realized.  Astigmatism  may  be  overcome  to  some  extent  by  adopting 
a crossed-cylinder  geometry,  but  this  gives  rise  to  considerable  distortion 
due  to  the  different  magnifications  resulting  from  varying  distances  for 
meridian  and  sagittal  reflections.  To  compensate  for  the  other  aberra- 
tions stops  and  aspherical  surfaces  must  be  used  (see,  for  example,  Wolter 
1952;  Baez  1957).  All  of  these  involve  two  reflections  or  more,  resulting 
in  considerable  intensity  loss  for  angles  near  0^.  The  paraxial  design 
mentioned  and  analyzed  extensively  by  Wolter  (1952)  involves  combining 
paraboloids,  ellipsoids,  and  hyperboloid  surfaces  which  enable  the  Abbe 
sine  condition  to  be  satisfied  to  first  order,  thereby  reducing  both 
coma  and  spherical  aberration.  However,  the  tolerances  required  for  a 
grazing  incidence  angle  9 are  of  order  X/109,  or  close  to  an  order  of 
magnitude  less  than  the  one-tenth  wavelength  used  for  visible  light.  The 
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testing  for  tolerances  in  the  10-20  X range  has  been  carried  out  by  means  of 

multiple  beam  interferometry  (Tolanski  1948,  Koehler  1953).  The  availability 

of  a coherent  x-ray  source  in  this  wavelength  range  would,  of  course,  render 

such  testing  routine  (cf..  Section  5.3),  making  paraxial  x-ray  imaging  ‘ 

systems  a realizable  possibility.  In  Chapter  14  specific  designs  of  each 

type  are  described  which  are  in  use  for  obtaining  information  on  laser-driven 

fusion  targets. 

10.3.3  Resolution 

The  resolution  of  a system  with  a beam  of  semi-angular  aperture  9 is 
limited  by  diffraction  to  d^  = X/20.  Since  the  maximum  value  of  9 is 

it 

limited  by  9^,  the  critical  angle  for  total  reflection,  cannot  be 

reduced  to  less  than  X/29  or,  substituting  for  9 from  10.3.1,  to  less 

c c 

h 9 

than  215  (pA/Z)  A.  For  a silver  reflector  this  limit  corresponds  to  about 

t 

100  S,  which  to  first  approximation  is  independent  of  wavelength.  The 
practically  achievable  resolution  is  much  less  than  this  optimal  value 
^ because  of  aberrations;  spherical  aberration  is  a particularly  serious 

limitation  as  its  effect  on  resolution  increases  as  the  square  of  the  angular 
aperture  while,  as  we  have  seen,  diffraction  limited  resolution  varies 
^ inversely  with  the  first  power  of  0.  Correction  of  spherical  aberration  is 

then  particularly  important  if  high  resolution  is  required. 

10.4  Zone  Plates 

^ We  have  already  mentioned  zone  plates  and  their  resolution  in  Section  7. 

These  devices  offer  the  intriguing  possibility  of  focusing  monochromatic 
X rays  so  that  x-ray  imagery  with  magnification  would  become  possible  with  ’ 

I 

|.  simple  and  efficient  optics.  We  have  also  observed  that  the  holograph  ' c ^ 

production  of  such  plates  cannot  be  carried  out  down  to  resolutions  of  the 
order  of  x-ray  wavelengths.  Recent  progress  has,  however,  led  to  the 
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production  of  free-standing,  partially  transmitting,  zone  plates  of  gold 
and  other  heavy  metals  by  means  of  electron  beam  machining  and  fabrication 
techniques  well-established  in  the  manufacture  of  integrated  circuits 
(Dykstra  et  al.  1971).  Some  have  been  used  with  monochromatized  synchrotron 
radiation  (cf.,  e.g.,  Pfeifer  et  al.  1973,  Niemann  et  al.  1974). 

The  considerable  advantage  of  radiation  from  an  x-ray  laser  is  its  high 
degree  of  monochromaticity  coupled  with  high  intensity  (short  exposure  times) . 
Monochromatic  radiation  must  be  used  because  the  focal  length  of  a zone  plate 
varies  linearly  with  the  wavelength  [Eq.  (7.5)]  so  that  zone  plates  have 
severe  chromatic  aberration. 

10.5  Image  Intensification 

The  need  for  minimizing  penumbral  blurring  in  contact  microscopy  and  for 
optimal  focusing  a projection  microscope  leads  to  intensity  requirements  not 
normally  met  by  conventional  sources.  It  then  becomes  necessary  to  employ 
image  intensification  procedures.  The  most  promising  of  these  is  the  focusing 
of  plioto-electrons  produced  when  x rays  passed  by  the  object  impinge  on  a foil 
which  emits  photo-electrons  in  proportion  to  the  incident  x-ray  intensity. 

The  recorded  image  can  then  be  further  magnified  by  conventional  means 
(Mollenstedt  and  Huang  1957).  The  resolution  i£ , however,  limited  by  the 
chromatic  aberration  of  the  electron  lens,  since  the  energy  spread  of  the 
photo-electrons  is  comparable  to  that  of  the  incident  x-ray  beam. 

The  beam  from  an  x-ray  laser  has  then  at  least  two  advantages  for  those 
applications  (primarily  in  the  study  of  biological  materials)  where  the  full 
intensity  of  the  laser  beam  cannot  be  used  because  of  radiation  damage  to  the 
specimen.  One  is  the  highly  coll  lated  nature  of  the  beam  leading  to  minimal 
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geometric  distortion.  The  second  is  the  high  spectral  purity  of  the  radia- 


tion resulting  in  reduced  energy  spread  of  the  photo-electrons  and  hence 
higher  resolution  by  the  electron  microscope. 

10 . 6 Field  Ion  Microscopy 

In  field  ion  microscopy  the  material  to  be  examined  is  ionized  by  the 
high  electric  field  existing  near  a point  electrode.  The  ions  are  then 
accelerated  to  a screen  some  distance  away  from  the  tip  and  imaged.  High 
resolution  of  2-3  & is  feasible,  but  the  corresponding  fields  have  to  be 

g 

of  order  5 x 10  V/cm  which  can  cause  tlie  molecules  to  be  examined  to 
vaporize  (Muller  and  Tsong  1969).  Letokhov  (1975)  has  suggested  pre-excitation 
of  the  atoms  or  molecules  to  states  near  the  ionization  limit  by  laser  radia- 
tion. The  advantage  of  this  procedure  would  be  a reduction  in  the  required 
fields  by  one  to  two  orders  of  magnitude.  In  particular,  it  is  suggested 

3 

that  the  lower  triplet  state  of  Hel  can  be  populated  by  excitation  of  the 

g 

^ states  with  591.4  S radiation  from  a He  source. 

It  would  appear  that  an  x-ray  laser  operating  at  the  appropriate  excita- 
tion wavelength  could  be  directly  used  in  this  scheme  as  it  has  both  the 
required  intensity  and  the  spatial  localization  of  the  radiation  needed  in 
this  application.  This  should  allow  an  even  greater  reduction  in  field 
strength.  A possible  difficulty  may,  however,  be  the  localization  of  the 
object  sufficiently  near  the  charged  tip  to  prevent  recombination. 

10 . 7 Phase  Contrast  Techniques 

The  phase  contrast  method  of  Zernike  (1935,  1942)  is  useful  for  examining 
phase  objects  which  alter  the  phase  but  not  the  amplitude  of  the  incident 
wave.  If  the  transmission  function  of  such  an  object  is  represented  by  t(x) , 
we  have  for  small  phase  changes  (j),  t(x)  = 1 + i({)(x)  . If  now  the  phase  of 


189 


the  central  order  of  the  diffraction  image  is  retarded  or  advanced  by  7t/2, 
the  light  distribution  in  the  image  plane  is  represented  by  ±i  + i(J)(x)  and 
the  image  intensity  is  proportional  to  1 ± 20 (x).  By  this  procedure  (anal- 
ogous to  holography)  phase  changes  are  recorded  as  intensity  variations  in 
direct  proportionality.  This  technique  is  of  particular  interest  at  wave 
lengths  below  10  X,  especially  for  biclogical  specimens  where  diminished 
absorption  occurs.  The  narrow  beam  from  an  x-ray  laser  could  be  used  in 
the  microprobe  mode. 

The  splitting  of  the  incident  beam  might  be  carried  out  by  the  use  of 
the  Borrraann  effect.  This  can  occur  when  an  x-ray  beam  is  incident  at  the 
Bragg  angle  on  a perfect  crystal  whose  thickness  is  many  half-value  layers 
so  that  passage  of  undiffracted  light  is  suppressed.  Dynamical  diffraction 
theory  predicts  the  excitation  of  a standing  wave  pattern  with  its  nodes  or 
its  anti-nodes  passing  through  the  atomic  planes.  The  Rorrmann  effect  of 
reduced  absorption  occurs  in  the  former  case  leading  to  two  diffracted  beams 
separated  bv  twice  the  Bragg  angle.  Bonse  and  Hart  (1965)  have  already  shown 
the  feasibility  of  constructing  x-ray  interferometers  based  on  this  effect. 

An  additional  important  feature  is  the  preservation  of  the  collimation  (to 
within  fractions  of  a mrad)  of  the  incident  beam. 

This  last  point  raises  the  possibility  of  producing  many  highly  colli- 
mated beams  from  a single  laser  beam,  each  useful  for  a particular  experiment, 
apparently  solving  the  problem  of  reducing  the  laser  beam's  intensity  without 
degrading  its  collimation.  The  extent  to  which  the  radiation  tolerance  of 
the  Borrmann  crystal  is  raised  by  spreading  the  energy  over  Tiiany  modes 
remains  to  be  calculated. 
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10.8  Advantages  of  X-Ray  Lasers 

We  are  now  in  a position  to  enumerate  the  advantages  of  an  x-ray  laser 

source  for  the  above  techniques.  In  all  three  cases  intensity  is  a prime 

requirement.  This  is  particularly  true  when  high  resolution  (<  0.1  ym)  is 

sought.  Grainless  recording  media  then  become  necessary  which  require 

2 

typically  energy  fluxes  in  the  100  mJ/cm  range.  If  conventional  sources 
are  used,  this  energy  requirement  leads  to  exposure  times  as  long  as  ten 
hours  and  an  extremely  low  data  rate.  The  use  of  x-ray  laser  beams  could 
cut  these  times  by  several  orders  of  magnitude,  although  in  these  estimates 
one  must  ultimately  reckon  with  the  loading  the  recording  material  can  with- 
stand without  being  destroyed  (cf..  Section  6.2).  High  intensity  levels  are 
particularly  difficult  to  achieve  with  conventional  sources  at  the  higher 
wavelengths  (10-20  S)  which  as  we  have  indicated  should  be  used  for  high 
resolution  work  in  medium-Z  samples  such  as  biological  specimens. 

Point  projection  and  scanning  microscopy  impose  the  further  requirement 
of  ym  sized  beam  diameters,  a condition  satisfied  with  some  x-ray  laser 
schemes,  though  not  by  all  (Section  1).  Because  of  its  large  angular 
divergence  in  the  orbit-plane  a synchrotron  source  loses  some  of  its 
attractiveness  here  because  of  intensity  loss  (cf..  Section  2.2).  Reflection 
x-ray  microscopy  is  to  first  order  achromatic,  but  a narrow  beam  is  still 
imperative  to  suppress  aberrations  and  to  achieve  high  resolution. 

For  quantitative  studies  of  high  accuracy  it  becomes  important  to  employ 
monochromatic  radiation,  for  the  absorption  coefficient  depends  sensitively 
on  wavelength.  The  usual  characteristic  line  source  has  then  in  addition  to 
its  inefficiency  at  the  important  longer  wavelengths  the  further  disadvantage 
of  a 1 eV  linewidth.  Synchrotron  radiation,  being  continuous,  must  be 
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filtered  or  'chromatized  by  crystals.  This  leads  not  only  to  large 
energy  losses  . : also  to  the  inevitable  appearance  of  sub-harmonic  multiples. 
X-ray  laser  radiation  should  in  this  respect  be  ideal  because  of  gain 
narrowing  of  the  characteristic  line.  Its  intensity  further  holds  out  the 
possibility  of  efficient  mixing  with  narrow  band  optical  radiation  from 
lasers.  A neod}nnium  laser,  for  instance,  would  yield  a shift  of  about  an  eV, 
which  is  sufficient  to  take  advantage  of  the  sharp  drop  in  absorptivity  on  the 
long  wavelength  side  of  an  absorption  edge. 

The  property  of  coherence,  except  insofar  as  it  is  related  to  line- 
width,  has  not  been  stressed  as  it  appears  unlikely  that  x-ray  lasers  when 
produced  will  exhibit  any  marked  degree  of  coherence.  In  any  event,  even 
for  reflection  microscopy  a coherent  source  does  not  dramatically  improve 
resolution,  effecting  at  most  a 1 percent  improvement  (cf . , e.g..  Born  and 
Wolf  1959).  As  an  early  demonstration  of  x-ray  microscopy  at  VUV  wavelengths, 
Kompfner  (1976)  has  put  forward  the  idea  of  using  the  coherent  raaiation 
obtained  by  parametric  up-conversion  by  Harris  et  al.  (1971),  Young  et  al. 
(1971),  and  Kung  et  al . (1972,  1973).  He  proposes  to  produce  a diffraction 
limited  spot  at  wavelengths  of  1000  S and  less  by  reflection  optics,  to  scan 
the  object  across  the  spot  and  then  convert  the  scattered  radiation  from  the 
instantaneous  object  point  to  a parallel  beam  by  returning  the  beam  through 
the  focusing  optics.  A photon  counter  is  suggested  as  a detector  whose  out- 
put is  displayed  on  an  oscilloscope  synchronized  with  the  mechanical  scan. 
Among  the  optics  suggested  is  a Fresnel  zone  plate  which  if  made  at  a 

2 

wavelength  of  n times  the  wavelength  would  have  an  efficiency  varying  as  1/n  . 
Since  a zone  plate  with  resolution  X must  have  X as  its  finest  zone  spacing. 
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the  production  of  an  efficient  Fresnel  lens  at  x-ray  wavelengths  is  clearly 
no  easy  task.  For  preliminary  work  in  the  VUV  range,  however,  this  might 
be  accomplished  by  means  of  electron  beam  machining  or  by  holography 
(cf..  Section  7).  There  is  actually  little  advantage  to  be  gained  from 

microscopy  by  zone  ^late  if  this  plate  is  to  be  produced  as  an  x— ray 
hologram  of  a point  source.  The  reason  for  this  is  simply  that  the  resolu- 
tion of  such  a zone  plate  is  determined  by  the  smallest  fringe  spacing  which 
in  turn  is  set  by  the  size  of  the  scattering  point.  The  recording  of  the 
diffraction  pattern  of  this  point  source  requires  a beam  of  comparable 
dimension  in  which  case  one  might  as  well  proceed  by  direct  contact  imaging 
of  the  object.  There  may,  however,  be  some  advantage  if  the  object  is  not 
suited  to  contact  microscopy. 

The  main  difficulty  with  the  use  of  coherent  radiation  obtained  by 
parametric  conversion  is  the  lack  of  intensity  resulting  from  extremely 
low  ('^^10  efficiency  at  the  shorter  wavelengths.  This  will  again  lead 

to  excessively  long  exposure  times  of  photo  resists,  and  poor  modulation 
of  the  recording  medium. 
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11-  INELASTIC  SCATTERING  STUDIES  IN  SOLIDS 

Within  the  past  ten  years,  primarily  because  of  the  availability  of 
more  powerful  sources  of  monochromatic  x rays,  there  has  been  considerable 
research  on  inelastic  x-ray  scattering  in  metals  (cf.,  e.g.,  Platzmann 
1976,  Eisenberger  1972).  m copper,  for  example,  where  the  K-shell  binding 
energies  are  in  the  keV  range  and  the  L-shell  electrons  are  bound  by 
hundreds  of  eV,  inelastic  scattering  of  monochroma tized  Cu  radiation  at 
8.04  keV  (1.54  R)  is  observed  with  energy  losses  corresponding  to  the 
energy  of  the  Cu  L absorption  edges.  Similar  effects  are  observed  with 
other  metals  (Sparks  1974,  Eisenberger  et  al.  1976).  X rays  scattering 
inelastically  from  metals  leave  the  material  in  various  states  of  excita- 
tion. The  phenomenon  just  described  leads  to  excitation  of  the  L (anti, 
in  principle,  the  K)  shell  electrons  and  has  been  described  as  x-ray  Raman 
scattering  by  analogy  with  similar  effects  in  optical  spectroscopy  of  atoms 
and  molecules.  Inelastic  plasmon  and  Compton  scattering  have  been  studied 
for  a long  time  but  the  intensive  study  of  these  second-order  Raman-type 
processes  is  relatively  new.  The  high-resolution  experiments  of  Eisenberger 
et  al.  on  copper  just  referred  to  were  performed  with  a monochromatized 
synchrotron  raaiation  beam  from  SPEAR  having  about  0.9  eV  bandwidth  and  a 
flux  of  10  photons/second.  The  signals  were  very  weak  (2  counts/second 
at  the  peak  of  the  at  resonance)  even  with  the  strongest  synchrotron 
source  available.  The  data  appear  to  give  very  accurate  information  on  the 
location  of  Fermi  surfaces  in  metals,  and  the  method  promises  to  be  an 
important  alternative  to  measuring  extended  fine  structure  and  edge 
singularities  by  x-ray  absorption  in  metals  (Bannett  and  Freund  1975).  An 


increase  in  the  average  monochromatic  x-ray  flux  by  two  or  more  orders 
j of  magnitude  over  the  SPEAR  storage  ring  such  as  might  be  expected  from 

a laser  source  could  make  this  a generally  useful  technique  in  the  study 
of  metals. 
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12.  ATOMIC  PHYSICS  - USE  OF  INTENSE,  MONOCHROMATIC  X RAYS  TO  PRODUCE 
HK^T.Y  STRIPPED  IONS  AT  LOW  VELOCITIES  FOR  SPECTROSCOPIC  STUDIES 
AND  HEAVY  ION  ACCELERATORS 


Photoionization  of  inner— shell  electrons  at  or  just  above  an  absorption 

edee  (hv  > |e  1)  with  mono,  .romatic  x rays  will  produce  an  Auger-cascade. 
° ^ ' edge ' 

A vecency  produced  in  the  inneirinost  shell  of  an  atom  (the  K—shell)  will 
be  filled  with  high  probability  by  a two-electron  Auger  process  in  low-Z 
to  medium-Z  elements.  An  electron  from  a higher  shell  (usually  the  next 
higher  shell)  will  fill  the  K vacancy  and  a second  electron  will  be  ejected 
(usually  from  the  same  higher  shell)  from  the  atom,  increasing  the  charge- 
state  of  the  parent  ion  by  one  unit.  In  a medium-Z  element  with  full  K,  L, 
M,  and  N shells,  for  example,  a total  of  seven  electrons  will  be  ejected 
from  the  atom  per  initial  K vacancy,  leading  to  an  ionic  charge  4-  8.  The 
ionic  charge  doub3es  at  each  step  because  each  K vacancy  leads  to  two  L 
vacancies  each  of  which  produce  two  M vacancies,  and  so  forth.  In  higher— Z 


elements  which  have  a large  K fluorescence  yield,  the  mean  final  ionic 
charge  will  tend  to  be  reduced  since  some  of  the  excitation  energy  needed 
to  produce  the  initial  vacancy  will  be  recovered  in  the  form  of  x rays 
rather  than  autoionized  (Auger)  electrons.  On  the  other  hand,  electron 
"shake— off"  processes  will  substantially  increase  the  final  charge  state 
and  average  charge  (Carlson  et  al.  1966  and  references  therein).  For 
example,  in  Hg  (Z  = 80)  the  production  of  an  initial  L-vacancy  gives  rise 
to  significant  production  of  ions  up  to  charge  +17,  with  a mean  charge  of 
+9.8.  The  article  by  Carlson  et  al.  (1966)  gives  additional  data  for  rare 
gases  with  initial  vacancies  in  various  shells.  The  double  Auger  process 
(Xberg  1975)  also  plays  an  important  role  in  increasing  the  ionization. 
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The  production  of  high  charge  states  of  heavy  ions  is  important  in  the 
design  of  heavy  ion  accelerators  since,  crudely,  the  maximum  energy  attained 
by  an  ion  for  a given  acceleration  potential  is  proportional  co  its  degree 
of  ionization.  Further,  for  beams  of  high  beam  quality  (low  divergence)  the 
process  of  ion  formation  must  be  such  that  the  transverse  velocity  of  the 
ions  is  as  small  as  possible.  This  is  not  achieved  when  one  relies  on  high 
temperatures  to  produce  a Saha  equilibrium  because  of  the  isotropic  nature 
of  the  velocity  distribution.  Rather, one  wishes  to  produce  cold  ions  in  a 
high  charge  state.  This  is  precisely  what  happens  when  an  intense  x-ray 
laser  source  is  used  of  sufficiently  short  wavelength.  The  ultimate  beam 
quality  achieved  is  then  set  by  the  impulse  received  from  the  expelled 
electrons  by  the  ion.  High  beam  quality  is  required  in  applications  where 
propagation  over  long  distances  is  anticipated  and  in  the  new  area  of  ion 
beam  fusion  where  the  beam  must  be  accurately  focused  from  an  initial  10  cm 

size  to  hit  a target  of  the  order  of  mm  across. 

Spectroscopic  and  collision  studies  on  such  ions  are  also  of  consider- 
able practical  importance  in  astrophysics,  in  analyzing  laser-driven  plasmas, 
and  in  studying  the  role  of  impurities  in  thermonuclear  plasmas.  The 
spectroscopy  of  highly  stripped  ions  has  been  studied  extensively  (cf . , e.g., 
Sellin  and  Pegg  1976).  Practical  applications  of  stripped  ions  have  been 
given  in  various  proceedings  (e.g.,  Brenn  and  Mehlhorn  1976). 
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13.  STRUCTURE  DETERMINATION 
13.1  Introduction 

A frequently  mentioned  justification  for  the  effort  exerted  in  this 
country  to  develop  an  x-ray  laser  and,  particularly  in  the  Soviet  Union,  a 
y-ray  laser  is  its  use  for  producing  holograms  of  biological  molecules  (cf., 
e.g.,  Chapline  and  Wood  1975).  This  would  certainly  be  a most  significant 
application  because  from  it  could  be  obtained  images  of  the  molecules  and 
their  individual  atomic  constituents.  In  the  succeeding  section  it  will, 
however,  be  shown  that  these  lasers  simply  cannot  be  expected  tJ  serve  this 
purpose.  Arguments  against  such  applications  have  also  been  presented  in 
Section  7.7.  There^ emphasis  was  placed  on  the  scattering  inefficiency  of 
the  recording  process,  while  in  Section  2 of  this  chapter  the  damage  threshold 
of  the  object  will  be  examined  more  closely. 

Molecular  structures  are  determined  today  from  x-ray  and  neutron  dif- 
fraction measurements  on  macroscopic  crystalline  samples  of  the  molecule. 

The  determination  of  the  phase  of  the  structure  factor  is  the  most  difficult 
and  time  consuming  part  of  these  procedures.  In  Section  3 we  discuss  the 
prospects  for  using  an  x-ray  laser  to  determine  the  structure  of  molecules 
in  a three-  cr  two-dimensional  crystal  and  compare  these  with  other  methods 
of  achieving  the  same  purpose. 

In  Section  4 we  consider  diffraction  methods  and  the  problem  of  recording 
(making  the  hologram)  the  wave  field  containing  information  at  a length  scale 
T'  1 - 100  k . This  treatment  is  to  be  considered  supplementary  to  that 
given  in  Chapter  7.  Subsection  4.7  refers  to  a potentially  very  important 
application:  the  use  of  x-ray  lasers  for  determining  the  structure  of  micron- 

sized crystals. 
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Using  Light  as  an  Illumlnant 


13.2  Molecular  Microscopy 

There  can  be  no  doubt  that  one  of  the  most  powerful  incentives  of 
those  engaged  in  the  development  of  x-ray  or  Y'^ay  lasers  has  been  the 
expectation  that  with  these  instruments  holograms  of  biological  molecules 
could  be  made  at  the  atomic  resolution  level  [see,  for  example,  the  review 
articles  by  Chapline  and  Wood  (1975)  and  by  Baldwin  and  Khokhlov  (1975) 
or  almost  any  other  article  discussing  the  possible  applications  of  these 
devices ] . 

However,  in  considering  this  matter  some  ten  years  ago,  Trammell  and 
Breedlove  came  to  the  conclusion,  based  on  simple  and  fundamental  grounds, 
that  the  images  of  the  atoms  in  biological  molecules  most  probably  could 
not  be  obtained  using  light  as  the  illuminant  even  if  technological  advances 
led  in  the  future  to,  e.g.,  1 Angstrom  x-ray  lasers  (Breedlove  and  Trammell 
1970,  Breedlove  1970).  The  conclusion  was  that  if  one  should  have  an  "x-ray 
microscope",  e.g.,  an  x-ray  holography  a et-up with  1 R resolution  capability, 
there  would  be  nothing  very  interesting  to  see  with  it  I (One  might  see  an 
occasional  heavy  atom  or  observe  the  surface  of  a metal,  but  such  matters 
are  not  considered  to  be  very  interesting  in  the  context  of  the  present 
discussion.)  The  arguments  for  this  conclusion  are  briefly  summarized  in 
1)  - 4)  below,  and  given  in  more  detail  in  the  following  subsections  2.1  - 
2.4. 

1)  In  order  to  resolve  the  individual  atoms,  one  must  uoe  light  with 

A < 1 R. 

2)  In  order  to  image  an  individual  atom,  it  must  be  illuminated  by  a 
flux  sufficiently  large  so  that  at  least  one  quantum  will  be 
scattered  or  absorbed. 


i 


I 
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3)  The  number  of  ionizations  of  an  atom  for  each  quantum  elastically 

scattered  from  it  is  given  by  the  ratio  R = a.  /a  , of  the 

ion  el 

respective  atomic  ionization  and  elastic  cross  sections.  For  the 
light  atoms  which  are  the  prime  constituents  of  the  biological 
molecules,  C,  N,  and  0,  and  for  light  with  X 1 X as  the  illumi- 
nating radiation  R > 10.  The  ratio  (a.  = a , , . + 

ion  photoelectric 

^ )/cfnn-  has  a minimum  at  X 1/2  X with  a minimum 

Compton  Thompson 

value  there  of  R 10.  In  Table  1 given  by  Hannon  and  Trammell 

(1975)  an  error  in  unit  conversion  was  made  for  the  x-ray  cross 

sections.  The  listed  values,  except  those  for  H,  should  be  multi- 
-2 

plied  by  10  , but  the  values  listed  for  R are  unaffected  by  this 

change . 

4)  An  ionization  occurring  in  a biological  molecule  leads  to  primary 
structural  alteration  (covalent  bond  breakage,  H losses,  rearrange- 
ment of  covalent  bonds,  etc.)  with  a probability  on  the  order  of 
one,  plus  extensive  secondary  damage  (e.g.,  breaking  of  hydrogen 
bonds  leading  to  rotations  about  single  bonds,  etc.).  The  ten  or 
more  ionizations  per  atom  imaged  in  attempting  to  record  a high 
resolution  x-ray  hologram  will  cause  nearly  complete  disruption 

of  the  molecular  structure  so  that  the  hologram  will  contain 

negligible  information  regarding  the  original  molecular  structure. 

The  time  required  for  structural  changes  to  occur  in  a molecule 

-13  -14 

after  an  ionization  is  about  10  to  10  sec;  therefore,  if  one 


8 . ,o2 

X = 1 X)  delivered  in  this  time  interval,  then  me  might  hope  to 


had  a laser  pulse  with  an  intensity  'ulO  quanta/S  ('u  l/o^^  for 
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determine  the  molecular  structure  before  the  ions  of  the  molecules 
would  have  moved  appreciably  from  their  original  positions.  This 
will  be  discussed  further  in  Section  2.4. 

13.2.1  Resolution 

The  Abbe  condition  for  the  minimum  resolvable  distance  d in  a microscope 
is 

d = X/(2  sin  0)  , 

with  0 half  the  angle  subtended  by  the  object  point,  and  radiation  with 
X < 1 X must  be  employed  to  resolve  neighboring  atoms  with  separations  d ^ 1 
This  matter  requires  very  little  additional  comment  except  to  note  that 
Eq.  (1)  is  a somewhat  formal  requirement  as  it  is  based  on  the  Rayleigh 
criterion.  One  c^  resolve  objects  at  smaller  distances  than  the  right-hand 
side  of  Eq.  (I)  if  one  counts  long  enough  (for  instance,  in  neutron  diffraction 
investigations  using  1 X neutrons  one  commonly  determines  the  mean  position 
of  atoms  in  a molecule  to  an  accuracy  of  about  0.01  S) . If  one  scatters  N 
quanta  from  an  atom-,  with  mean  scattering  angle  0,  then  Eq.  (1)  becomes 

H 1 ^ (!') 

^ ^2  sin  0 

According  to  Eq.  (1’)  one  might  resolve  atoms  with  spacings  d 1 X 
utilizing,  for  example,  light  with  X % 10  X if  one  could  scatter  approxi- 
mately 100  quanta  per  atom  without  appreciably  altering  the  atomic  arrange- 
ments. In  fact,  the  ratio  R (see  (3  tion  2.3)  is  R - 100  for  X = 

10  X because  of  the  increase  of  the  pt  cctric  cross  section 

X^)  relative  to  the  scattering  cross  section  as  the  wavelength  increases. 
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It  then  follows  that  the  approach  of  attempting  to  resolve  the  strongly 
overlapping  diffraction  patterns  of  adjacent  atoms  illuminated  with  lighr 
with  X >>  d is  useless,  since  in  the  process  there  would  be  much  more 
structural  damage  occurring  than  if  one  used  X 1 X,  where  the  resolved 
atomic  images  could  be  obtained  (in  principle  at  least)  with  just  a few 
quanta  scattered  per  atom  imaged  and  with  less  damage  per  quanta  scattered. 
13.2.2  Minimtim  Illumination 

In  order  to  image  an  atom  it  must  be  illuminated  with  a minimum  through- 
flux  Igt,  given  by 

Igta  > 1 , (2) 

where  Iq  is  the  incident  quantum  flux,  t is  the  illumination  time,  and  a is 
the  atomic  cross  section.  The  relation  (2)  is  not  completely  obvious  at 
first  glance  because,  for  example,  the  elastically  scattered  wave  may  be 
made  to  interfere  with  the  incident  wave  or  another  reference  wave  so  that 
the  intensity  at  a given  point  + 2 where  and 

are  the  amplitudes  of  the  reference  and  scattered  waves  respectively.  Even 
in  such  a case,  as  we  show  below,  Eq.  (2),  with  a ->•  valid.  But 

we  must  first  recognize  the  possibility  of  using  an  x-ray  laser  to  ionize 
the  atoms  and  tnen  imaging  the  ejected  electrons  by  an  electron-optics 
arrangement,  because  for  light  ~ ^el’  this  case  1)  is  no  longer 

relevant  since  it  is  only  the  wavelength  of  the  electrons  which  must  be  less 
than  1 X — E (ejected  electrons)  > 100  eV — to  resolve  the  atoms.  We  shall 
discuss  this  scheme  further  in  Subsection  (2.5),  and  in  this  subsection 
consider  the  case  of  an  x-ray  holography  setup,  where  the  scattered  x-rays 
are  used  to  form  the  image. 
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It  is  sufficient,  and  somewhat  simpler,  to  establish  inequality  (2) 
for  a modified  version  of  a phase  contrast  microscope  rather  than  for 
holographic  imaging.  Consider  first  the  image  of  an  atom  in  the  simple 
prototype  microscope  shown  in  Figure  13.1. 


Figure  13.1.  A possible  atom  microscope. 

The  image  of  the  atom  is  blurred  by  diffraction  Co  a disc  of  area  a. 

If  i.s  the  amplitude  of  the  scattered  waves  which  has  been  focused  to 
the  area  a,  then  the  flux  through  a is 

F = calil^gl^  = IgO’  , (3) 

where  c is  the  speed  of  light,  Iq  is  the  intensity  of  the  incident  radiation 
illuminating  the  atom,  and  o'  < is  the  partial  scattering  cross  section 
for  the  waves  which  are  scattered  within  the  aperture  of  the  optical  system. 
Suppose  now  that  rather  than  just  the  scattered  wave  4;^  there  is  also  a 
reference  wave,  ^q,  at  the  image  plane.  In  this  case  we  have 
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F 


F'  = cajil^Q  + = caCjiJjQl  ± 2 ] ] ) 


(4) 


where  we  have  for  simplicity  assumed  the  case  of  maximum  interference, 
180°  in  or  out  of  phase  with  , and  for  simplicity  we  have  taken 

kol  l^sl- 

(5) 


AF'  = 2ca I 1 » F 


is  the  difference  of  the  flux  with  just  the  reference  wave  illuminating 
the  area  a and  that  with  the  atom  present.  On  the  right  side  of  Eq.  (5) 
we  indicate  that  for  IiIJqI  » AF'  » F,  the  "dark  field"  flux  of 

Eq.  (3).  In  the  dark  field  case  the  illuminating  time  t is  determined  by 
the  time  to  scatter  a quantum  (on  the  average) , or 


caip^  = Ft  = ^0*^^  ~ ^ * 


(6) 


At  first  glance  it  would  seem  that  in  the  reference  wave  case  (5)  we 
would  require  the  much  smaller  illumination  given  by  AF't  >1.  This,  of 
course,  is  not  correct.  To  detect  the  presence  of  the  scattering  atom  one 
must  illuminate  sufficiently  long  so  that  the  extra  counts  due  to  the  atom 
being  present,  F't,  exceed  the  expected  statistical  fluctuation,  /F  t, 
for  the  reference  wave  along.  Eqs.  (4)  and  (5)  then  yield 


AF't  = caij^Qij^^t  > (caij/Qt)  , 


(7) 


or 


caij^gt  > 1 , 


(8) 


I 
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which  is  the  same  as  Eq.  (6).  Therefore,  interference  with  a reference 
wave  does  not  decrease  the  illumination  required  to  detect  an  atom.  It  is 
clear  that  this  conclusion  remains  unchanged  if  the  scattered  wave,  rather 
than  being  brought  to  a focus,  should  be  detected  by  letting  it  interfere 
with  a reference  wave  and  recording  the  hologram.  In  forming  a hologram 
in  which  a given  atom  is  imaged,  one  must  illuminate  the  atom  sufficiently 
long  fjr  it  to  scatter  a quantum  on  the  average. 

Eq . (6)  is  a minimum  condition.  To  obtain  the  three  positional 
coordinates  of  an  atom  at  least  two  quanta  must  be  scattered  (and  detected) . 
But  of  much  more  practical  importance,  of  course,  are  considerations  of 
noise  background  and  the  absence  of  perfect  contrast,  which,  even  in  a good 
instrument,  will  increase  the  required  illumination  given  by  Eq.  (6)  an 
order  of  magnitude,  but  which  we  will  not  pursue  further  here. 

In  the  practical  case,  we  would  wish  to  image  the  varioiis  atoms  of  a 
molecule.  The  waves  scattered  by  the  various  atoms  interfere,  but  it  is 
easy  to  see  that  if  the  resolution  is  high  enough  to  resolve  the  individual 
atoms,  condition  (6)  still  holds  for  the  minimum  required  illumination. 

13.2.3  Ionization  and  Elastic  Scattering  Cross  Sections 

Table  13.1  (from  "International  Tables  for  X-Ray  Crystallography " ^ 1968) 

gives  the  elastic  scattering,  photoelectric  and  Compton  cross  sections  in 

bams  and  the  ratio  R=(a,  + O ^ C,  N,  and  0,  for  x-ray 

photo  compt  el 

energies  6.2  (X  = 2 S) , 12.4  (X  = 1 S) , and  124  (X  = 0.1  S)  keV.  In 
Figure  13.2  R is  plotted  against  E for  a typical  ratio  of  C,  N,  0 for  a 
protein.  It  will  be  noted  that  R has  a minimum  of  about  10  at  E 'V'  25  keV. 


Table  13.1.  The  elastic  scattering,  photoelectric,  and  Compton  scattering 


cross  sections  and  a.  la  , (International  Tables  for  X-Ray 

ion  el 

Crystallography,  1968). 


E (keV) 

el 

'^photo 

'^Compton 

a.  /a  (=  R) 
ion  el 

c 

6.2 

5.54 

1.85(2) 

3.9 

34 

12.4 

2.46 

1.85(1) 

3.8 

9.1 

124 

4.86(-2) 

8(-3) 

2.8 

58 

N 

6.2 

8.6 

3.75(2) 

4.5 

44 

12.4 

3.46 

3.8(1) 

4.4 

12 

124 

7.3(-2) 

2.0(-2) 

3.27 

45 

0 

6.2 

1.26(1) 

6.8(2) 

5.2 

54 

12.4 

5.0 

7.8(1) 

5.1 

16 

124 

l.O(-l) 

3.5(-2) 

3.7 

38 

* 
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13.2.4  Radiation  Damage 


When  a biological  molecule  is  ionized  it  will  dissociate  with  a 
probability  on  the  order  of  one  (O'Connor  1974,  Isaacson  and  Crewe  1975, 
Glaeser  1975,  Reimer  1975,  Isaacson  1975,  Parsons  1975).  Even  though  for 
most  large  molecules  there  usually  exist  stable  ionic  states,  after  an 
ionization  the  ion  is  usually  left  with  an  excitation  energy  sufficient 
to  break  several  covalent  bonds.  Thus,  Isaacson  et  al.  (1973)  have 
measured  the  inelastic  scattering  cross  sections  of  thin  solid  samples 
of  proteins,  nucleic  acids,  amino  acids  and  the  nucleic  acid  ase  group 
irradiated  by  electrons  (E  = 25  keV) . They  find  that  about  30%  of  such 
collisions  involve  energy  losses  above  the  ionization  threshold  for  these 
compounds  (I  10  eV)  with  a most  probable  energy  loss  of  about  20  eV 
and  an  average  energy  loss  per  inelastic  collision  W 40  eV.  The  ion 
is  then  left  with  an  excitation  energy  of  10-20  eV,  sufficient  to  break 
from  2 to  5 covalent  bonds . 

In  addition  to  fragmentation,  an  ionization,  according  to  Platzman 

and  Franck  (1958),  should  lead  to  severe  alteration  of  the  secondary 

structure  of  the  molecule  in  the  vicinity  of  the  ionization.  They  estimate 

that  the  response  of  the  polar  groups  to  the  sudden  appearance  of  a 

localized  ionization  will  cause  the  breaking  of  up  to  10  hydrogen  bonds 

with  resulting  rotation  of  molecular  groups  about  single  covalent  bonds 

to  new  configurations  (we  note  also  that  the  deposition  of  about  10  eV 

excitation  into  thermal  motion  spread  over  even  100  atoms  would  give  them 

3 

an  effective  temperature  of  approximately  10  K,  high  enough  to  cause 
extensive  secondary  structure  modification.  ' 
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From  these  results  it  is  clear  that  following  an  ionization  a bio- 
molecule might  suffer  one  or  more  covalent  bond  breaks  plus  extensive 
changes  in  the  secondary  stiucture. 

There  is  very  little  fundamental  understanding  of  the  mechanism  of 
radiation  damage  at  this  time,  but  there  does  exist  a large  body  of  exper- 
mental  results  on  numerous  protein  and  nucleic  acids  and  their  constituents 
(amino  acids,  purine,  and  pyrimidine  bases).  There  are  good  reviews  of 
these  results  in  the  literature,  such  as  those  cited  earlier  in  this  section. 
Two  particularly  thorough  reviews  of  the  matter  from  the  viewpoint  of  general 
microscopy  are  the  theses  of  Breedlove  (1970)  and  O'Connor  (1974). 

The  upshot  of  all  this  is  that  for  proteins  there  is  on  the  order  of 
one  chemical  change  per  ionization  and  extensive  secondary  configurational 
changes,  whij.e  for  DNA  the  damage  is  less,  with  the  most  optimistic  indicator 
yielding  as  little  as  only  about  one  chemical  change  for  every  five  ioniza- 
tions . 

Concerning  DNA,  there  are  two  types  of  experimental  results.  In  one  a 
sample  is  irradiated  with  a given  dose  and  the  electron  spin  resonance  (ESR) 
signal  per  unit  dose  is  measured.  This  gives  the  number  of  radicals  (unpaired 
electrons)  produced  per  unit  dose,  and  this  bears  a (somewhat  uncertain) 
relation  to  the  molecular  fragmentations  produced  per  unit  dose.  When  a fast 
charged  paiticle  iotiizes  a molecule  an  electron  is  ejected  with  a mean 
kinetic  energy  of  about  20  eV.  This  electron  may  travel  several  tens  of  X, 
then  become  captured  near  a positive  site.  In  this  process,  two  unpaired 
electrons  ate  produced  directly,  and  more  may  be  produced  if  covalent  bonds 
are  broken  in  the  subsequent  process  of  ionic  de-excitation.  On  the  other 
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hand,  the  electron  may  remain  in  the  vicinity  of  the  hole  and  eventually 
recombine  with  it.  If  in  the  de-excitation  covalent  bonds  are  broken,  then 
again  radicals  are  produced.  Finally,  the  electron-hole  may  recombine 
without  covalent  bond  breaks  in  which  case  there  is  no  radical  production, 
but,  also,  two  or  more  radicals  may  combine,  giving  new  molecular  species 
(e.g.,  H = H H2)  but  with  no  associated  ESR  signal.  We  can  finally  say 
that  radical  production  certainly  indicates  substantial  molecular  changes, 
but  that,  due  to  the  possibility  of  radical  recombinations,  there  do  occur 
molecular  changes  without  an  associated  ESR  absorption. 

Table  13.2  gives  some  ESR  results  on  radical  production  by  ionizing 
radiation  in  some  biomolecular  solids  (see  Figures  13.3a  and  13.3b). 


Table  13.2.  G-values  for  radical  production  for  backbone  and  base 
constituents  of  DNA. 


G 


G 


Ribose 

2.3 

DNA 

3.8  (2.4) 

Deoxyribose 

4.1 

Deoxy adenos ine 

5'  monophosphate 

1.3 

Ribose  5'  monophosphate 

9.4 

Deoxy thymidine 

Adenine 

0.2 

5'  monophosphate 

4.3 

RNA 


Thymine 


0.13 


3.3  (1.5) 


3'  end 


Figure  13.3b.  Linkage  of  nucleotides. 


The  G-vaiue  In  Table  13.2  refers  to  the  number  of  radicals  produced 
per  hundred  eV  deposited  in  the  material  by  the  ionizing  radiation. 

W = 40-50  eV  is  the  mean  energy  deposited  per  ion  pair  produced,  so  dividing 
the  G-value  by  2 will  give  approximately  the  number  of  events  per  primary 
ionization.  These  data  were  taken  at  liquid  nitrogen  temperature  except 
for  the  values  in  parentheses  for  DNA  and  RNA  which  were  taken  at  room 
temperature  and  which  show  the  effect  of  radical  recombination  increasing 
with  the  higher  temperatures. 

It  is  seen  that  there  are  two  orders  of  magnitude  variation  in  the 
sensitivity  to  radical  production  among  the  constituents  of  DNA  and  RNA. 

The  aliphatic  sugars  ribose  and  deoxyribose  are  about  an  order  of  magnitude 
more  seiisiti\'e  chan  the  conjugated  base  ring  (G-values  of  3-9  are  the  common 
values  of  the  aliphatic  components  of  both  the  nucleic  acide  and  proteins). 
The  addition  of  the  monophosphate  group  to  the  sugar  further  increases  the 
sensitivity,  and  attaching  a base  to  the  sugar-monophosphate  backbone 
segment  (to  give  the  deoxyribonucleotide)  results  in  a G-value  of  1.3-4. 3. 
Finally,  in  whole  DNA-RNA  with  G about  3 or  4,  on  the  order  of  two  radicals 
are  produced  per  ionization.  It  is  evident  that  attaching  adenine  to  the 
sugar-phosphate  "protects"  the  sugar  phosphate  from  radical  formation  by 
about  a factor  of  7 (9.4  1.3),  but  attaching  thymine  affords  much  less 

protection  (9.4  4.3)  and  in  whole  DNA  a G-value  of  3.8  indicates  that  about 

2 radicals  are  produced  per  ionization. 

The  ESR  signal.,  from  the  nucleotides  and  from  DNA  and  RNA  are  broad 
with  complicated  fine  structure,  which  renders  the  identification  of  the 
various  radicals  formed  difficult  (except  for  the  quasi-free  H radical 
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signals  which  are  usually  quite  strong).  Since  according  to  Table  13.2 
the  pure  bases  are  damaged  much  less  frequently  than  the  sugar-phosphate 
backbone  moities,  one  could  imagine  that  the  backbone  material  might  be 
damaged  appreciably  under  a certain  dose  that  would  leave  the  base 
structures  intact.  This  could  lead  to  the  possibility  of  microscopy  which 
could  determine  the  linear  sequences  of  the  bases,  even  though  their 
orientations  and  interbase  distances  would  differ  appreciably  from  those  of 
undamaged  DNA. 

The  second  main  class  of  experimental  results  show,  however,  that  the 
G-values  for  base  damage  in  DNA  is  also  large.  Isaacoon,  Crewe,  and  their 
collaborators  (1973)  have  measured  the  energy  loss  structure  of  high  energy 
electrons  passing  through  thin  films  of  the  bases  and  DNA  (and  amino  acids 
and  proteins  as  well).  The  four  bases  A,  G,  C,  and  T exhibit  characteristic 
resonance  structures  in  the  E < 10  eV  region  which  they  identify  as  tt  tt* 
transitions  of  the  tt  electrons  in  the  aromatic  rings.  By  measuring  the 
decrease  of  certain  of  these  characteristic  peaks  as  a function  of  dose  they 
are  able  to  obtain  G-values  (and  cross  sections)  for  base  damage.  The 
results  are  shown  in  the  first  column  of  Table  13.3. 

In  the  second  column  we  give  the  results  (some  of  which  were  given  in 

Table  13.2)  of  the  ESR  studies  of  Pihl  and  Sanner  (1966)  and  in  the  third 

column  those  of  Muller  (1966).  There  are  some  discrepancies,  in  particular 

in  the  G values  for  thymine.  Considering  the  result  on  deoxythymidine 

radical 

in  Table  13.2  we  speculate  that  the  G^^^  result  is  probably  nearer  the  truth. 
But  the  important  point  is  that  there  are  about  1.3  bases  damaged  in  DNA  (as 
measured  by  loss  of  the  characteristic  ir  ->  it*  excitation  peaks)  per  100  eV 
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absorbed,  or  about  1 base  damaged  (as  measured  by  this  criterion) 
two  ionizations  produced  in  DNA. 


for  every 


Table  13.3.  G-values  for  base  and  radical  damage. 

(a.  Pihl  and  Banner  1966;  b.  Muller  1966) 


Base 

.(a) 

Sad 

.(b) 

Sad 

Adenine 

0.09 

0,2 

0.14 

Guanine 

0.12 

0.6 

1.3 

Cytosine 

0.15 

0.9 

0.8 

Thymine 

0.46 

0.13 

1.5 

DNA 

1.3 

3.8 

RNA 

3.3 

^^•2.5  Conclusions 

We  have  seen  that  for  each  atoa,  imaged  In  an  x-ray  holography  setup 
there  »111  occur  R I.  10  ionisations  in  the  molecule.  Each  such  ionization 
has  a probability  on  the  order  of  one  of  leading  to  covalent  bond  ruptures 
and  structural  change  in  the  »lecule.  Ihe  attempted  observation  of  the 
atoms  vould  then  quite  certainly  have  broken  nearly  every  covalent  bond, 
perhaps  several  times.  Those  atoms  which  remain  In  the  vicinity  of  the 
original  structure  will  nevertheless  be  rebonded  quite  differently  fro. 
those  in  the  original  structure,  and  it  is  almost  certain  that  the  molecular 
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fragments  would  be  so  disordered  that  no  information  concerning  the  molecular 
structure  of  the  original  molecule  could  be  obtained. 

To  be  sure,,  there  is  no  direct  evidence  that  there  will  not  be  left  in 
the  "molecular  ash"  of  the  irradiated  DNA  molecule  some  information  concern- 
ing the  original  structure.  It  is  even  possible  that  some  of  the  base  ring 
structures  may  be  discernable.  But  it  is  hardly  conceivable  that  it  will  be 
possible  that  the  two  single-ring  pyrimidines  cytosine  and  thymine  or  the 
double-ring  purines  adenine  and  guanine  could  be  distinguished,  enabling  us 
to  obtain  the  base  sequence. 

We  shall  have  to  construct  a microscope  with  the  required  resolution, 
and  perform  the  experiment  to  be  absolutely  sure.  An  x-ray  microscope  should 
not  be  built  for  the  purpose  of  this  experiment.  Rather,  such  an  experiment 
should  be  carried  out  with  an  electron  microscope.  Tliere  are  three  reasons 
for  this: 

1)  For  an  electron  microscope  R 1 (cf.,  Breedlove  and  Trammell  1970), 
compared  to  R 10  for  a light  (x-ray)  microscope  (light  is  one 

of  the  most  virulent  illuminants  of  all  to  use  in  a molecular 
microscope) ; 

2)  In  an  electron  microscope  98%  of  the  ionizations  are  valence  shell 
ionizations,  whereas  the  photoelectric  absorption  results  in  the 
ejection  of  a K-electron.  This  is  a much  more  violent  event  than 
valence  shell  ejection  (the  effective  Z,  Z*,  "seen"  by  the  valence 
electrons  changes  by  1 for  the  K-hole  production  (e.g.,  inCZ*  ~ 

4 Z*  w 5)  and  by  less  than  1/2  for  a valence  hole  production). 

-12 

Also,  it  is  followed  in  10  sec  by  an  Auger  process  in  which  the 


K-shell  hole  is  filled  by  a valence  electron  with  the  ejection  of 

one  or  more  other  valence  electrons,  resulting  in  a doubly  or 

triply  ionized  valence  shell.  This  is  a much  more  damaging  event 

than  the  single  valence  shell  ionization  event  in  the  electron 

microscope,  so  that  the  x-ray  microscope  is  inherently  even  more 

than  ten  times  as  damaging  as  the  electron  microscope; 

2 2 

3)  For  a 100  keV  electron  microscope  a^j^(C,N,0)  a-  10  S , whereas 

for  a A = 1 S light  microscope  0^^  4 x 10  ^ , so  a flux  of 

about  10^  el/£^  '‘u  0.1  Coul/cm^  is  sufficient  (in  principle  with 

infinite  contrast)  to  image  an  atom  using  100  keV  electrons, 

8 2 

whereas  approximately  2 x 10  photons /S  are  required  in  the  x-ray 
case:  to  "see"  small  objects  (e.g.,  molecules  on  10  S C backing) 
electrons  are  much  better  because  of  their  large  cross  sections — 
such  small  objects  are  almost  transpartent  to  1 S x rays  (such  an 


X ray  has  a scattering  mean  free  path  = (na  ,) 

el 


-1 


—8  —1  R n 

(1/20  X 4 X 10  ) = 5 X 10  A = 5 cm  in  biological  matter  (cf . , 

Section  10.1),  this  makes  it  ideal  for  macroscopic  crystal  analysis, 

but  grossly  wasteful  for  examining  10-100  S thick  objects). 

Finally,  we  consider  the  possibility  of  a sufficiently  fast,  high-powered 

x-ray  laser  flash  which  could  obtain  a snapshot  of  a molecule,  revealing  its 

atomic  structure  before  it  disintegrates.  If  one  should  observe  such  a 

structure  before  it  disintegrates,  then  each  atom  will  be  multiply  ionized 

(nominally  lO"*")  and  since  the  ejected  electrons  have  an  energy  of  about  10  keV, 

one  will  be  attempting  to  observe  an  almost  completely  ionized  electron  plasma 

and  the  atoms  will  be  rendered  invisible.  More  precisely,  following  a single 

-13  -14 

ionization  a structural  change  will  occur  in  10  to  10  sec  (=  molecular 
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vibration  time).  If  we  should  try  to  see  the  atoms  (with  x rays,  X 1 X) 

in  a time  less  than  this  then  nearly  all  of  the  electrons  will  be  removed 

from  the  vicinity  of  the  original  molecule  and  one  will  be  left  trying  to 

see  almost  bare  nuclei.  If  we  take  the  effective  scattering  power  of  the 

atoms  in  this  highly  ionized  state  as  corresponding  to  one  electron  per 

nucleus,  the  cross  section  will  be  a.  3 x 10  Therefore,  to  image 

these  atoms  will  require  a flux  of  3 x 10^  quanta/X  in  a time  t < 10  sec 

(we  are  optimistic  here;  a hologram  requires  elastic  scattering  and  the 

scatterers  and  their  scattering  powers  are  undergoing  rapid  changes  in  time) . 

Now,  normal  solid  atomic  densities  are  of  order  10  . Thus,  a long  thiu 

10  o 

x-ray  (or  y~ra.y)  laser  would  have  to  be  ^ 3 x 10  A = 3 m long  if  each 
atom  along  its  length  were  to  be  induced  to  contribute  a quantum  to  this 
flux. 

Rather  than  analyzing  the  possibility  that  such  a huge  technological 
advance  as  required  by  this  analysis  can  ever  be  made,  we  leave  this  as  a 
requirement  which  has  to  be  met  for  the  x-ray  laser  to  function  as  a 
molecular  microscope. 

13,3  Electron  Molecular  Microscopes  Versus  X-Ray  Molecular  Microscopes 
As  mentioned  above,  the  resolution  of  electron  microscopes  is  now 
approaching  1 R,  and  they  are  at  least  an  order  of  magnitude  less  damaging 
per  information  unit  than  x-ray  microscopes.  Because  of  the  large  electron 
cross  sections,  very  short  exposure  times  would  be  required  to  obtain 
information  that  would  require  the  development  of  x-ray  lasers  for  x-ray 
microscopy.  The  x-ray  molecular  microscope  is  then  quite  inferior  to  an 
electron  microscope.  Unfortunately,  the  electron  microscope  (and  any  other 

! 
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charged  particle  microscope)  still  has  R 1 and  so  in  the  best  possible 
such  instrument  there  would  still  be  on  the  order  of  one  ionization  per 
atom  imaged,  which  would  lead  to  intolerable  damage  if  an  appreciable 
fraction  of  the  atom  positions  were  to  be  determined. 

Molecular  microscopy ' as  used  in  this  report  refers  to  the  determina- 
tion of  the  molecular  structure  of  a single  molecule  with  the  individual 
atoms  resolved:  the  ultimate  microscopy.  We  shall  treat  molecular  structure 
determination  by  diffraction"  methods  in  the  next  section.  Here  we  should 
remark  on  "low"  resolution  molecular  microscopy.  Suppose  a given  ionization 
"seriously"  disorders  N atoms  in  its  vicinity,  and  suppose  R'  ions  are 
produced  per  atom  imaged.  One  should  then  be  able  to  determine  the  structure 
of  a molecule  where  not  the  individual  atoms  but  clumps  containing  N'  = R'N 
atoms  are  resolved  without  disrupting  the  structure  at  the  I (R'N)^^^  d 
resolution  level  (d  is  the  interatomic  separation)  . 

Glaeser  (1975)  reckons  that,  on  this  basis,  a biomolecule  might  be  imaged 
in  an  electron  microscope  at  the  15  K level. 

13.4  Structure  Determination  by  Diffraction  Methods 
13.4.1  General  Considerations 

We  have  already  indicated  that  an  x-ray  laser  would  almost  certainly 
be  useless  for  doing  molecular  microscopy  at  the  atomic  resolution  level 
because  in  the  best  conceiv..ble  such  microscope  (infinite  contrast  and  100% 
detection)  ten  or  more  ionizations  leading  to  structural  alter- 
ations would  occur  in  the  molecule  for  each  atom  imaged.  If  one  can  image 
only  a fraction  of  the  atoms  in  a given  molecule  in  attempting  to  determine 
its  structure,  one  must  examine  many  (identical)  molecules  and  determine 
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their  average  structure  from  which,  since  they  are  identical,  the  structure 
of  the  undamaged  molecule  could  be  deduced. 

This,  of  course,  is  the  principle  behind  the  determination  of  the  many 
protein  structures  which  have  been  obtained  by  x-ray,  neutron,  and  electron 
diffraction  methods,  and  any  of  these  methods  making  use  of  a large  number 
of  identical  molecules  to  determine  their  common  structure  will  referred 
to  as  "diffraction  methods". 

If  a molecule  contains  N atoms,  only  a few  orders  of  magnitude  more  than 
N quanta  need  to  be  scattered  from  a suitable  ensemble  of  such  molecules 
(crystal)  to  determine  its  structure.  Denote  the  required  number  by  kN.  If 
on  the  average  P molecules  are  damaged  per  quantum  scattered,  there  will  be 
on  the  order  of  PkN  molecules  damaged  during  the  course  of  observation.  If 
the  observation  is  made  by  uniformly  irradiating  an  ensemble  of  M molecules, 
then  the  fraction  which  will  have  been  damaged  is  f = PkN/M.  In  the  diffrac- 
tion methods  one  superimposes  the  partial  images  obtained  from  the  ensemble 
of  M molecules  and  computes  the  average  image.  If  the  fraction  f = PkN/M 
of  damaged  molecules  yielding  "false  images"  is  much  less  than  unity,  the 
average  image  is  the  image  of  the  undamaged  molecule  plus  a small  noise 
background  contributed  by  the  damaged  molecules. 

The  condition  for  obtaining  the  image  by  diffraction  methods  is  then 

that 


M » PkN  . (9) 

As  an  example,  let  us  consider  how  large  a crystal  must  be  to  satisfy 

Eq . (9)  in  the  determination  of  a large  molecule  with  N = 10^  atoms. 

2 

Suppose  k = 10  is  required  to  obtain  good  atom  contrast,  and  suppose  P b.  1. 
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From  (9)  we  then  have 


M >>  10  molecules 


and,  using  the  average  of  20  2.^/atom  as  the  atomic  volume  in  biological 
molecules,  we  obtain  that 

V » 20  PkN^  1'’  = 20  X 10^  ^ 10^  = 2 x 10^^  = 20  ym^  . 

M 


In  this  case,  taking  M = 10^  molecules  or  = 2 x lo^  ym  would  be  suf- 
ficient to  scatter  an  average  of  k = 100  quanta  from  each  atomic  site  with 
only  1%  of  the  molecules  having  been  damages  in  the  process.  In  this 
example  only  a very  small  crystallite,  10  ^ cm  on  a side,  would  be  sufficient 
to  determine  the  structure  of  the  large  molecule. 

We  can  express  the  above  consideration  differently.  Suppose  is  the 
damage  cross  section  of  a molecule  and  suppose  in  the  observation  less  than, 
say,  1%  of  the  molecules  are  to  be  damaged.  Then 

determines  the  maximum  dose  I^t  pet  molecule.  Suppose  is  the  scattering 
cross  section  per  molecule  and  that  we  wish  to  scatter  Nk  quanta  from  an 
ensemble  of  M molecules  with  each  molecule  receiving  a dose  no  greater  than 
that  given  by  Eq.  (12) . We  then  have  that 


I_tMZ  = Nk  , 
0 s 


M = 10^  kN  = 10"  PkN  . 
s 


m 


With  M given  by  Eq.  (14)  and  I^t  by  Eq.  (12)  in  the  course  of  obtaining  an 
average  of  k quanta  scattered  per  atomic  site,  99%  of  the  quanta  will  be 
scattered  from  undamaged  molecules  and  1%  from  damaged  ones. 

To  be  able  to  form  the  image  of  a molecule  at  the  atomic  resolution 
level  by  measuring  the  scattering  from  an  ensemble  of  molecules,  each  of 
which  scatters  only  a few  quanta  (relative  to  the  number  of  atoms  per 
molecule),  it  is  necessary  that  the  molecules  differ  only  by  translation. 
Since  the  only  known  way  of  accomplishing  this  is  to  crystallize  the 
ensemble  wherein  the  translations  are  the  periods  of  three  basic  trans- 


lations, we  shall  restrict  attention  to  this  case. 

13.4.2  Imaging  a Three-Dimensional  Crystaj^ 

The  first  fact  to  recognize  in  the  present  context  is  that  one  cannot 


form  a holographic  image  of  a three-dimensional  crystal  by  illuminating 
the  crystal  with  a plane  wave  x-ray  laser  beam.  The  reasons  is  that  if  a 
plane  wave  of  wave  vector  k^  is  incident  on  a crystal  at  almost  any  angle, 
there  is  almost  no  elastic  scattering.  The  waves  scattered  in  a given 
direction  from  the  various  molecules  in  the  three-dimensional  periodic  array 
add  up  to  nearly  zero  (very  roughly  the  resultant  amplitude  is  about  that 
of  one  layer  of  the  crystal,  and  the  phase  is  essentially  arbitrar>'  with  no 
significant  information).  The  crystal  is  almost  transparent:  the  incident 
wave  is  diminished  in  intensity  only  because  of  the  inelastic  scatterings 
(which  can't  be  used  in  holography)  and  the  incoherent  scattering  from 


crystal  defects. 

This  result  holds,  of  course,  for  any  other  type  of  microscope:  a 
perfect  crystal  cannot  be  imaged  when  illuminated  by  a coherent  plane  wave 
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A perfect  crystal  illuminated  by  a wave  k.  scatters  elastically  (except 


iur  surface  effects)  only  in  directions  (k^  - k^)  wuch  that 


kf  - ko  = T , 


where  x is  a crystal  reciprocal  lattice  vector.  For  most  k„  Eq . (15)  is 


)t  satisfied  by  any  k^,  which  justifies  the  above  remarks.  For  those 


ic^'s  obeying  Eq . (15)  (k^  at  a Bragg  angle)  the  equation  is  satisfied  at 


only  one  or  a few  values  of  k^  - k^,  from  which  information  an  image 


cannot  be  formed  (as  it  gives  just  one  or  two  values  of  the  Fourier  coef- 


ficients) . 


13.4.3  Crystal  Structure  Determination 


From  the  previous  section:  we  cannot  form  a three-dimensional  image 


of  a crystal.  We  now  consider  its  use  in  determining  the  structure  factor. 


Briefly,  the  re.sult  is  this.  Ordinary  diffraction  methods  v/ith  large 


mosaic  crvqtals  are  sufficient  to  determine  the  magnitude  of  the  structure 


factor  (scattering  amplitude  per  molecule),  S (k) ; but  in  order  to  determine 


the  structure  of  the  molecule  we  must  determine  the  phase  of  S(k)  as  well, 


In  fact,  the  determination  of  the  phase  of  S(k)  is  the  most  time  consuming 


and  difficult  task  in  the  determination  of  structures.  The  method  used  until 


now  has  involved  attaching  a heavy  atom  or  group  of  atoms  wnose  scattering 


amplitude  is  known  so  that  S(k)  ->■  Sj^(k)  = S(k)  + R^(k)  where  R^(k)  is  the 


amplitude  of  the  attached  group.  Measuring  the  x-ray  intensities  for  the 


"^2  2 2 

new  crystal  determines  |s^(k)|  = !s(k)l  + |R^(k)|  + 2 | S | | R^  | cos  (0^  - » 


from  which  cos  (cb  - ) can  be  determined,  which  then  gives  j (})  - (j)  | . 

s s 


Repeating  the  procedure  with  another  known  attached  group  with  amplitude  R^ 


finally  determines  tj)^(k).  Variants  include  using  wavelengths  just  below 


I 


223 


and  just  above  an  atomic  absorption  line  to  change  the  scattering  amplitude 
of  certain  atoms,  or  using  a Mcssbauer  y-ray  for  diffraction  from  a molecule 
containing  a Mossbauer  atom.  Both  variants  are  becoming  important  with  the 
availability  of  "white",  high  spectral  brightness,  synchrotron  radiation. 
Nevertheless,  these  are  difficult  and  laborious  procedures. 

In  contrast,  according  to  Chapline  and  Wood  (1975),  "...determination 
of  the  relative  phases .. .would  be  straightforward  if  a coherent  source  of 
X— rays  were  available~— this  would  make  the  determination  of  the  atomic~ 
scale  architecture  of  even  the  largest  molecules  a routine  matter."  We 
shall  show  that  this  is  quite  wrong,  so  that  at  best  the  x-ray  laser  would 
only  furnish  a more  intense  x-ray  source  to  use,  e.g.,  in  the  attached 
heavy  atom  method  of  structure  determination. 

Consider  a small  perfect  crystal.  Let  Rq  be  the  position  of  a point 
in  one  of  its  unit  cells  (Figure  13.4).  The  electron  density  in  the  crystal 
can  be  developed  in  a Fourie  ' series: 

p(r)  = C(r  - Rq)  2|p:^l  cos  [x  • (r  - R^)  + a:^]  . (16) 

T+ 

In  Eq.  (16)  T is  a reciprocal  lattice  vector,  the  sum  is  over  half  the 
reciprocal  space  since  we  are  using  the  cosine  series.  |P'^I  is  the  magnitude 
of  the  structure  factor  [=  |S(t)1]  and  a:^  is  its  phase  relative  to  R^ . 

Finally  Cv.r  - Rq)  is  the  envelope  function  for  the  crystal,  C(r)  = 1 for  r 
in  the  crystal  and  is  zero  outside  the  crystal. 

If  now  the  crystal  is  illuminated  by  a plane  wave  with  such  that  the 
Bragg  condition  [Eq.  (15)]  is  satisfied  for  a particular  x,  then  only  that 
particular  Fourier  component  can  be  imaged  for  this  setup.  Thus,  the 
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scattering  is,  from 


p(T,r)  •=  C(r  - Rq)  2|p-|  cos  [t  • (r  - R^)  + a:^]  , (17) 


a sinusoid  extending  throughout  the  crystal.  The  amplitude  of  this  sinusoid 

is  easily  obtained.  The  "integrated  scattered  intensity"  for  this  reflection 

immediately  yields  V |p  I , where  V = crystal  volume.  But  the  phase  of  the 

C T C 

waves,  a-*-,  must  also  be  found.  Now  what  can  be  "seen"  at  a particular 
crystal  setting  (particular  x)  is  a sinusoid  extending  throughout  the  crystal. 
In  order  to  reconstruct  the  molecules  comprising  the  crystal,  one  must 
determine  the  amplitude  of  the  sinusoids  for  the  various  settings,  which  is 
easy,  and  determine  the  phases  of  the  sinusoids  at  some  fixed  point,  say  Rg, 
for  the  various  sinusoids.  Taking  into  account  that  the  wavelengths,  2Tr/T, 
we  must  deal  with  are  of  the  order  of  10-1  8.,  it  is  intuitively  clear  that 
holography  will  be  useless  for  this  purpose. 

Before  demonstrating  this,  let  us  note  that  the  phase  is  usually 
deduced  by  inserting  one  or  more  known  scatterers  at  definite  positions  in 
each  (or  a known  fraction)  of  the  unit  cells.  The  phase  of  the  reference 
wave  is  then  1 'ed  relative  to  the  phase  of  the  original  molecule's  scattered 
wave,  irrespective  of  size,  shape,  position,  and  orientation  of  the  crystal. 

Consider  the  holography  setup  in  Figure  13.5.  The  crystal  which  we 
have  taken  as  spherical  with  center  at  Rg  is  set  for  a reflection  as  shown. 
The  scattered  wave  at  a point  on  the  screen  r'  is  then  given  by 


e 


•R 


ik  r’-R, 


0 e 


O' 


(18) 
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with  the  aid  of  Eq.  (17),  where 


L. 


r'  - R. 


k,  = 


f I ->■ 

'r*  - R. 


and  C is  the  Fourier  transform  of  C,  which  for  a sphere  becomes 


C(Ak)  = 


AttR" 


sin  X 


X 


- cos  X 


X 


= lAklR 


(19) 


From  Eq.  (19)  C has  a width  of  Ax  2tt  or  RkA6  = 2tt,  giving  for  the 
effective  width  of  the  diffraction  pattern 


Ae^^  . 


(20) 


If  we  take  the  reference  wave  to  be  the  incident  wave,  then  we  have 
for  the  intensity  on  the  screen  S 


I = 


ik  -r' 


= 1 + + 


2|P.|C 


- cos  [kjr'  - RqI  - kp  • (r'  - R^)  + a:^]  . (21) 


r’  - R 


0' 


The  first  two  terms  in  the  argument  of  the  cosine  represent  2tt  times  the 
difference  in  optical  path  length  of  the  laser-crystal-screen  and  the 
laser-screen  which  from  Figure  13.5  can  be  written 


A 27rL 

♦l-  ~ 


- 1)  • 


(22) 
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For  large-angle  reflections,  which  are  required  for  high  resolution. 


this  path  difference  will  be  very  large.  From  Eq . (22)  we  obtain 
2-rTL  sin  0 ^ dx 

d(j)  = — T 5 — d6  = 2tt  sin  6 -p  , (23) 

cos  6 

where  we  have  used  x = L tan  6 for  the  position  on  the  screen.  Now  the 
distance  between  fringes  on  the  screen  will  be  given  by  d({),  tt  or 

Li 


1 cos  6 X 

de  w -r  — : ^ - , 

2 sin  0 L 


(24) 


dx 


X 


2 sin  0 2 cos  0/2  ’ 


(25) 


and  if  a:^  is  to  be  determined,  measurements  of  at  least  this  precision  must 
be  made.  In  Eq . (25)  we  have  used  X/ (2  sin  0/2)  = d_^ , where  d^  is  the 
spacing  of  the  Bragg  planes  corresponding  to  x. 

The  intensity  fringes  at  the  1-100  £ resolution  level  could  only  be 
observed  by  focusing  the  photoelectrons  ejected  by  the  screen.  In  Section 
7.7  (see  also,  Mueller  and  Joma  1977)  it  is  shown  that  the  very  thin  (few 
ten's  of  S's)  screens  required  to  give  high  resolution  will  be  very  trans- 
parent to  the  x-rays  and  at  bes  : be  very  inefficient  detectors.  According 

-4 

to  the  results  of  Section  7.7  about  10  of  the  photons  would  be  absorbed 
in  the  screen.  In  addition  to  this,  although  we  have  no  electron  micro- 
scopes capable  of  this  resolution  as  yet,  it  is  quite  certain  that  such  an 

instriiment  would  have  a very  small  aperture  and  that  only  those  photo- 

—6  ■ ”8 

electrons  emitted  in  dfi  10  - 10  steradian  could  be  focused  in  such  a 

high  resolution  microscope,  and  that  the  x-rays  which  penetrate  the  screen, 
but  are  absorbed  in  the  walls  of  the  electron  microscope,  would  contribute 


a huge  background. 


13.4.4  Two-Beam  Holography 


The  fringe  spacing  can  be  increased  by  using  a reference  beam  k'  ~ 
for  a given  reflection  as  shown  in  Figure  13.6.  The  laser  beam  k^  is  split 
into  two  coherent  beams  Icq  and  k'  by  Bragg  reflections  from  a small  perfect 
crystal.  Using  Ic'  as  the  beam  which  interferes  with  the  scattered  wave  we 
obtain  for  argument  of  the  cosine  in  Eq . (21) 


Ip  = k|r'  - Rgl  + kg  • (Rq  - R^)  - k'  • (?'  - R^;  + a:^  + 6 , (25) 


--r 

where  0 is  the  phase  difference  of  the  two  waves  at  R^ . The  first  two  terms 

“V 

represent  the  optical  distances  from  R^  to  the  crystal  and  to  the  screen, 

and  the  third  term  is  (minus)  the  optical  distance  from  R^  to  the  screen. 

From  Figure  13.7  we  have  for  p [first  three  terms  of  Eq . (25)] 

L 

L 


X _ 2tt 

■ T 


2it 

X 


cos  0 
L 


cos  9 


and 


dcf), 


2tt  L 

^ 2 . 
cos  9 


+ H - cos  9'  (L  + £)  - sin  0'  L tan  0 
[5,  - cos(9-9')]  + Mii  - cos  9') 

- (sin  9 - sin  0')  d9  , 


(26) 


lirdx 


(sin  9 - sin  9')  . 


(27) 


Comparing  Eq.  (27)  with  Eqs . (23)  and  (24),  we  see  that  some  increase  in 
the  fringe  spacing  is  possible  for  those  reflections,  9,  of  the  molecular 
crystal  (whose  phases  we  are  attempting  to  determine)  which  are  close 
to  one  of  the  (relatively  widely  spaced)  reflections  of  the  perfect,  simple, 
beam-splitting  crystal  (with  known  phase  0) . However,  the  disparity  in  the 
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PigurG  13.6*  Two“b63ni  hologiTGphy. 


Figure  13.7.  The  scattering  geometry. 
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dimensions  of  the  unit  cells  is  such  that  the  increase  for  most  reflections 
will  be  no  more  than  an  order  of  magnitude,  which  will  still  lead  to  fringe 
spacings  'V^IO  X. 

We  have  now  shown  that  for  a fixed  crystal  setting  the  fringe  pattern 
on  the  screen  within  the  region  of  Bragg  reflection  will  have  a spacing  of 
the  order  of  the  resolution  length  (2tt/t  -v  d^)  of  the  reflection  involved. 
We  should  mention  that  nothing  is  changed  substantially  if  we  take  kg  at  an 
arbitrary  angle  to  the  screen  rather  than  normal  to  it.  Of  course,  there 
is  no  way  to  record  a fringe  pattern  at  the  1 S level  since  atoms  have 
radii  of  the  same  order.  If,  on  the  other  hand,  we  can  split  the  beam  and 
have  0 - 0'  % 1/10  then  the  resulting  10  £ fringe  spacing  could  conceivably 
be  recorded.  However,  to  determine  a:^  it  is  necessary  not  only  to  determine 
(p  by  measuring  the  fringes  but  also  to  determine  (p  . It  is  clear  from 

Ij 

Eq.  (25)  chat  if  the  center  of  the  crystal  Rg  is  changed  by  6Rg,  then  (p^ 
changes  by  = (k^  - kg)  • 5Rg.  Thus,  if  a:>  is  to  be  determined  to  an 
accuracy  e,  then  Rg  must  be  determined  to  an  accuracy  6Rg  given  by 


To  determine,  then,  the  molecular  structure  at  the  1 R level  by 
holographic  means,  the  position  of  the  center  of  the  crystal  would  have  to 
be  determined  to  within  1 K accuracy.  Acrually,  any  one  phase  may  be  taken 
to  be  arbitrary,  but  in  determining  the  relative  phases  a->-  - a->,  for  the 
various  reflections  it  would  be  necessary  that  kg  L.e  kept  constant  or  its 
change  determined  to  within  the  accuracy  given  above  as  the  crystal  is 
rotated  to  the  various  Bragg  positions  (if  the  laser  is  rotated  rather  than 


f 

j 

-■ 

5 
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the  crystal,  a similar  determination  of  the  laser-crystal-screen  and  the  laser- 
screen  distances  would  be  necessary). 

It  is  now  clear,  as  was  already  fairly  obvious  when  it  was  realized 
that  for  a crystal  all  one  could  "see"  at  a given  setting  was  a sinusoid 
extending  throughout  the  crystal,  that,  given  an  x-ray  laser,  it  could  not 
be  used  to  determine  the  phase  of  the  structure  factor  by  holographic  means. 

To  determine  one  must  "beat"  the  waves  scattered  by  the  native  molecule 
with  other  waves  scattered  from  sites  fixed  in  the  crystal.  Tliese  attached 
scatterers  could  be  heavy  atom  clusters  deposited  on  the  crystal  surface 
but  this  would  be  poor  strategy  because,  among  other  things,  the  amplitude 
of  the  surface  scatterers  would  be  small  relative  to  that  of  the  scattered 
waves  at  Bragg  settings.  The  best  way  is  surely  the  usual  way  where  the 
scatterers  are  attached  chemically  to  each  of  the  molecules. 

One  very  important  advantage  of  this  method  of  phase  determination  is 
that  one  need  not  use  perfect  crystals.  Since  the  reference  scatterers  are 
attached  to  each  molecule,  the  mosaic  structure  of  natural  crystals  does 
not  prevent  structure  factor  phase  determination.  A second  very  important 
advantage  is  that  a long  coherence  length  is  not  required.  If  we  suppose 
(see  Section  1)  that  the  length  of  the  laser  pulse  is  t ^ 10  sec,  then  the 
coherence  length  is  ct  '^'^0.3  ym.  This  alone  would  probably  prevent  structure 
determination  by  holographic  means. 

13.4.5  Structure  Determinations 

The  x-ray  laser  would  provide  us  with  a very  bright  x-ray  source  to  be 
used  for  structure  determinations  by  the  "usual"  x-ray  diffraction  methods. 
According  to  the  considerations  of  Section  1 an  x-ray  laser  might  consist  of 
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a needle  of  length  1 t 1 cm,  and  of  diameter  d n.  1 pm.  The  energy  per  pulse 
might  be  expected  to  be  E i lo"*  -11.  If  »e  suppose  X e.  1 X,  this  corres- 
ponds  to 


N = 10^  - 10^^  photons/pulse 
Li 


(28) 


emerging  from  the  1 yra  diameter  needle  in  a solid  angle 


—8 

df2  10  ster 


(29) 


By  comparison 


(Section  2 and  Section  10.2.2),  an  Elliot  fine  focus 


x-ray  tube  operating  at  a power  of  10  kW/mm^  with  an  efficiency  of  e - 10 
for  characteristic  x-ray  production  would  produce 
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P 'Xi  10^^  photons/sec  , 

X.  t. 


(30) 


2 

from  a spot  size  of  1 mm  in  all  solid  angles 


If  we  assume 


1 Hz  repetition  rate  for  the  laser,  its  brightness  would 


be 


b,  = (10 

Laser 


9 - 10^^)  X 10®  X 10®  = (10^^  - 10®^) /cm^  sr  sec  , (31) 


and  for  the  x-ray  tube 


b 

X. 


t. 


10 


15 


1 

4tt 


-7^  X 10 


- lO^'^/cm^ 


sr 


(32) 


Within  its  beam  the  laser  would  be  at  least  10  times  brighter  than 
the  x-ray  tube.  Unless  we  should  attempt  to  perform  diffraction  experiments 
from  crystals  with  I of  the  order  of  ym,  the  brightness  index,  b,  is  not  the 
quantity  of  relevance  but  rather  the  total  brightness  B or  number  of  photons/sr 

which  for  the  laser  is 


/33 


1 7 23 

B,  = 10  - 10  /sr  sec  , 

laser 


(33) 


and  for  the  x-ray  tube 

14 

B =10  /sr  sec  , 

X.  t. 


(34) 


where  again  in  Eq.  (33)  we  have  assumed  a 1 Hz  repetition  rate. 

3 6 

To  assess  the  practical  importance  of  the  10  - 10  ratio  of  laser  to 

fine  focus  tube,  we  consider  the  scattering  from  small  mosaic  crystals  when 

set  at  Bragg  angles  and  exposed  to  the  x-ray  tube  jllumination  and  then  to 

the  x-ray  laser.  Typically,  the  imperfection  and  dislocation  densities  in 

molecular  crystals  are  such  as  to  give  long-range  order  extending  only  to 

distances  of  a few  microns.  The  effect  of  this  on  diffracted  intensities 

can  usually  be  accounted  for  satisfactorily  by  considering  a real  crystal 

to  consist  of  a mosaic  of  small  perfect  crystallites  with  random  phases  in 

the  waves  scattered  from  different  crystallites,  and  with  a small  spread, 

A , in  the  orientation  of  the  various  crystallites  (cf.,  e.g.,  James  1965). 

-3 

Typically,  a few  minutes  of  arc,  or  A^  10  rad,  say,  and  A^  » 

Aj^  = Bragg  reflection  width  of  the  small,  perfect  crystallites.  Then,  if  an 
imperfect  crystal  is  illuminated  at  the  mean  Bragg  angle  by  a flux  I having 
an  angular  divergence  5,  the  scattered  power  is  given  by  (James  1965) 


v/6^  + A^ 


2 3 2 
Vn  X r 

sin  26 


(35) 


where  we  have  assumed  a small  crystal  where  extinction  can  be  neglected,  V 
is  the  crystal  volume,  n is  the  number  of  unit  celxs  (molecules)  per  unit 
volume,  F(cm~^)  is  the  unit  cell  scattering  amplitude  for  this  reflection. 
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and  0 is  the  Bragg  angle.  If  R is  tne  distance  from  the  source  to  the 

crystal  and  B is  the  source  brightness,  then  I = B/R  , If  n is  the  number 

of  atoms /molecule,  n = n^/n  « l/20n  « (5  x 10^^)/n  cm“^.  Furthermore, 

2 22  2 -25  2 

F « nZ*  r^  a nZ*  10  cm  , for  high  order  reflections,  where  Z*  is  the 
®ff®^bive  scattering  amplitude  per  atom  in  units  of  electrons,  and  we  get 
for  Eq.  (35) 


p, 5 r i • 25  X lo''*  . 10-^^  X 10-“  X 

^ „2  . .2,'“  P 

(5  r A ) 

c 


R^n 


(2.5  X lo"'^)  . 


If  we  take  a rather  large  crystal  with  V = 10*  cm"^,  and  R = 10*^  cm, 
and  assume  a spe  t diameter  of  1 mm,  it  follows  that  6 't  lO”^  A^,  and 
Eq.  (36)  yields 


BZ*^  10~^  10~^ 
^ 10~^  10^ 


BZ*"  _-8  -1 

10  sec 


14  2 

Inserting  B =10  , and  Z*  -25,  we  obtain 

X • L • 


p . sec-l  for  V - lO'^  c«^  . 

b n 


If  we  should  wish  to  obtain  F to  an  accuracy  of  1%,  say,  then  P t ^ = 

S 14 
4 

10  , which  inserted  in  Eq . (38)  gives 
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- Tl  10  sec 


(39) 


'1% 


The  number  of  reflections  whose  intensities  must  Le  monitored  (for  atomic 
resolutions)  is  of  order  n . Hence  the  total  counting  time  (assuming  only 
a few  reflections  are  monitored  at  each  crystal  setting)  is 


sec , 


(40) 


^f%  are  obtained  by  dividing  the  rh-  of  Eqs . (39)  and  (40)  by  f ^) . 

At  present  the  Icirgest  proteins  which  ha>/e  been  determined  have  p 10^ 

corresponding  to  t^^  = 10  sec,  = 10  sec.  These  structure  determine tioco 

actually  take  of  the  order  of  one  year.  Time  is,  of  course,  required  in 

setting  the  crystals  for  the  various  reflections,  replacing  crystals  which 

have  become  damaged,  etc.  But  leaving  these  matters  aside,  it  is  clear  from 

Eq . (40)  that  in  the  next  generation  of  really  large  molecular  determinations 

with  r|  > 10^,  say,  much  brighter  sources  will  be  reouired. 

Turning  now  to  the  laser,  we  first  recogni.^e  t me  at  R = 1 m the  spot 
-2 

size  MO  cm  If  we  use  such  a small  crystal  that  it  will  intercept  the 
“6  3 

laser  beam,  V “ 10  cm  . Making  this  replacement  for  'J  in  Fq  (36)  and 
using  from  Eq . (33)  then  rather  than  Eq . flS)  w_  obtain 

^Laser  ~ ” f0^^)/pulse,  V --  10~^  cm"  . (41) 

It  must  be  emphasized  that  Eq.  (38)  refers  to  a crystal  with  V = 10~^  cm^ 
a rather  large  crystal,  whereas  Eq . (41)  refers  to  the  case  with  V = 10~^  cm^, 
and  also  Eq.  (41)  gives  the  number  scattered  corresponding  to  a laser  pulse 

9 15 

of  (10  - 10  ) quanta  passing  through  the  small  crystal. 
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Even  for  i - j 0 a ] ■ e ;u.niL'Li.  j-  uanta  will  be  scattered  per  pulse 
except  at  the  lower  end  of  the  laser  powers  we  have  assumed.  For  any  n we 
see  from  Eqs . (38)  and  (41)  that  the  equivalent  counting  time  for  the  x-ray 
tube  is  from  1 to  10  sec. 

13.4.6.  Two-Dimensional  Crystals 

There  is  another  way  in  which  large  biomolecular  structures  may  be 
obtained.  We  cannot  determine  the  structure  using  electron  microscopy  of 
a single  molecule,  but  Unwin  and  Henderson  (1975)  have  already  developed  a 
technique  (and  applied  it  to  catalase  and  purple  membrane)  for  imaging  a 
two-dimensional  array  in  an  electron  microscope  at  such  low  illuminations 
that  each  molecule  scattered  only  a few  electrons.  The  composite  image  was 
reconstructed  from  the  known  periodicity  of  the  sample.  Because  of  the 
large  cross  sections,  quite  low  electron  microscope  exposure  times  were 
sufficient  to  make  the  measurement.  One  drawback  to  this  procedure  is  the 
vacuum  in  an  electron  microscope.  Protein  crystals  are  about  50%  water,  and 
desiccation  destroys  the  crystal  leading  to  alteration  of  the  tertiary 
structure  of  the  molecule.  However,  F .rsons  (1975)  has  developed  a wet-cell 
sample  holder  for  use  in  an  electron  nacroscope,  and  this  makes  this  procedure 
also  very  promising  for  imaging  large  molecules. 

13.4.7  Micron-Sized  Crystals 

An  important  use  of  the  x-ray  laser  would  be  to  perform  x-ray  diffraction 
measurements  on  crystals  of  micron  dimensions.  It  is  seen  from  Eq.  (36)  that 
if  each  dimension  of  the  crystal  is  decreased  by  the  factor  S,  and  if  R is 
decreased  by  the  same  amount,  then  P is  decreased  only  by  the  factor  S (this 
is  for  the  laser  only,  with  its  beam  of  fixed  angular  divergence  6 10  for 
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ths  x-ray  tuba  6 „„uld  i„uraasa  by  S - P y.  l/s^,  ^ki„g  i,  impossible  to 
use  stutll  orystals  with  x-ray  tubes).  Thus,  if  we  had  a (1  pm) ^ orystal  at 
a distance  of  1 cm.  the  scattered  power  . would  be  decreased  from  the 

value  given  by  E,.  (41)  by  only  a factor  of  a h^dred.  In  fact,  the  situation 
is  better  because  with  dislocation  densities  i (pm)-^  a large  fraction  of 
micron-sited  crystals  should  be  de,.  free.  For  these tends  to 
6 - 10  rather  than  4^  c lO'^,  30  that  for  a 1 pm  crystal  placed  at  1 cm 
from  the  end  of  the  laser  and  oriented  to  a Bragg  position 


^Laser  ~ n ~ 10^^) /pulse. 


V = cm^ 


(42) 


This  would  completely  revolutionize  biomolecular  crystallography. 
Blomolecular  crysta.  growing  is  an  (uncertain)  art,  and  the  most  difficult 
part  is  growing  large  crystals  of  mm  dimensions  as  required  for  present  day 
crystallography.  It  Is  igtensely  easier  to  grow  micron-sized  crystals. 

From  the  considerations  following  Eq.  (40)  it  may  very  well  be  that  the  only 
way  we  shall  be  able  to  examine  large  molecules  with  0 10^  is  to  develop 

a high  powered  x-ray  laser.  This  consideration  by  itself  Justifies  a large 
effort  to  develop  an  x-ray  (or  y-ray)  laser. 
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1'^-  LASER  FUSION  PELLET  DIAGNOSTICS 


In  laser  driven  fusion  the  aim  is  to  produce  a thermonuclear  micro- 
explosion by  directing  a highly  intense  focused  laser  beam  onto  thermonuclear 
fuel,  usually  contained  by  a shell  or  tamper  of  medium  to  high  Z material 
such  as  glass.  The  laser  light  vaporizes  the  tamper  material  which  ablates 
outwardly.  The  reactive  force  then  propels  the  remaining  tamper  material 
inwards  leading  to  a compression  of  the  fuel.  The  compressed  fuel  must  be 
held  in  this  compressed  state  long  enough  for  the  converging  heat  wave  to 
drive  the  central  temperature  high  enough  to  initiate  a fusion  reaction, 
while  at  the  same  time  the  density  must  be  such  that  self-heating  by  the 
reaction  products  can  occur.  The  velocity  of  the  ablating  material  is 
sufficiently  greater  than  that  of  the  imploding  matter  that  this  is  a "rocket" 
of  only  about  5-10%  efficiency.  Moreover,  in  the  case  of  externally  excited 
lasing  media,  there  is  inefficient  utilization  of  pump  energy;  these  are 
losses  in  converting  electricity  to  pump  energy,  electrical  generating  equip- 
ment, and  so  on.  The  upshot  is  that  fuel  pellets  must  deliver  gains  in  the 
range  of  100-1000.  These  various  factors  combine  to  impose  limits  on  the 
minimum  compression  needed,  the  size  of  the  compressed  region  (total  fuel 
mass),  and  the  amount  of  energy  per  unit  mass  that  must  be  supplied  in  the 
confinement  time . 

We  will  consider  here  a mixture  of  equal  parts  of  deuterium  and  tritium 
ib  is  most  easily  brought  to  ignition.  The  fusion  reaction  is 

D + T + n + a+  W, 

where  about  80%  (14  MeV)  of  the  released  energy  (W  = 17.6  MeV)  goes  into 


239 


M 


the  neutron  and  the  rest,  or  3.6  MeV,  to  the  a particle.  The  nuclear  cross- 

section  for  this  reaction  reaches  a peak  of  5b  at  125  keV,  and  averaging 

the  reaction  rate  nOv  over  a Maxwellian  distribution  shows  (Wandel  et  al . 

1959)  that  an  appreciable  reaction  rate  is  obtained  in  the  5-10  keV  range 

(5.8  X 10^  - 1.2  X 10  “K) . The  energy  that  must  be  supplied  to  bring  the 

fuel  to  a temperature  0 is  0^06,  with  the  specific  heat  and  Q a factor 

less  than  unity  to  allow  for  self-heating.  For  0 = 10  keV  and  no  self- 

9 

heating  this  yields  an  energy  requirement  of  about  10  J/gm.  The  gain  per 

-12 

gram  of  fuel  is  given  by  the  energy  released  per  reaction  (2.8  x 10  J) , 

the  number  of  particles  per  gram,  and  the  burn  efficiency.  Since  rates  of 

burn,  electron-ion  heating,  and  attenuation  of  reaction  products  depend  on 

the  mass  density  p,  and  the  hydrodynamic  disassembly  time  is  proportional 

to  the  radius  r,  it  follows  that  the  burn  efficiency  is  a function  of  pr. 

Actual  calculations  (Nuckolls  et  al.  1972)  have  shown  that,  at  20  keV, 

0 = pr/(6  + pr).  The  maximum  energy  release  per  gram  J s 3 x 10^^  J/gm  so  that 

when  pr  has  the  typical  value  of  3,  corresponding  to  a burn  efficiency  of 

11  9 

33%,  the  fusion  yield  is  about  10  J/gm.  Since  10  J/gm  is  required  to 

bring  the  fuel  to  ignition  temperature,  the  pellet  gain  is  200.  This  is  an 

underestimate  because  self-heating  certainly  becomes  important  when  pr  is 

2 

comparable  to  or  exceeds  the  a particle  range  (pr  ==  0.3  gm/cm  ).  Therefore, 

2 

when  the  overall  pr  » 0.3  gm/cm  it  is  only  necessary  to  bring  the  central 

2 

region  to  ignition  at  pr  = 0.3  gm/cm  with  an. outwardly  propagating  burn 

2 

igniting  the  rest  of  the  fuel.  At  pr  = 0.3  gm/cm  the  burn  efficiency  is 

5%,  resulting  in  an  energy  release  of  1.5  x 10^^  J/gm.  'Venty  percent,  or 
9 

3 X 10  J/gm,  < ^ this  energy  goes  to  a particles  which,  when  stopped,  have 
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enough  energy  to  raise  three  tlt,es  the  centrally  Ignited  amount  of  DT  to 
10  keV.  The  ignition  energy,  then,  is  lowered  by  ct  particle  heating 

practical  minimum  corresponding  to  6 - 0.03  when  or  > 3 gm/cm 
30  MJ/gm.  The  energy  required  to  compress  the  material  must  clearly  be 
made  to  be  as  small  as  possible  so  as  to  minimize  the  overall  energy  require- 
ment. This  occurs  when  the  electrons  in  the  compressed  material  are 
degenerate,  which  implies  that  the  electron  temperature  0^  (outside^the 
small  ignition  region)  be  much  smaller  than  the  Fermi  energy  Sp  =-  Pp/2in.  “1th 
Pp  the  momentum  of  the  highest  occupied  state.  From  the  total  number  of 
states  of  translational  motion  it  follows  that  electrons  at  density  n^  can 
be  considered  degenerate  provided  0^  « (1i^/2m)  (3ll  n^)  . At  a density  of 

p = 1000  gm/cm^  the  electron  density  in  DT  is  n^  - 2.4  x 10  /cm 
the  degeneracy  temperature  is  1.4  keV.  Ideally,  the  pellet  mass  must  be 
compressed  in  such  a way  that  its  bulk  temperature  remains  at  much  less  than 
a keV.  TF.1S  can  be  achieved  only  by  careful  shaping  of  the  driving  pulse. 

A single  rectangular  pulse  cannot  in  any  case  be  used  for  large  spherical 
compression  because  it  can  only  yield  a maximum  compression  of  about  30 
(Kaliski.  1971).  At  the  density  of  1000  g./cm'  the  ignition  and  compression 
energy  are  roughly  equal  so  that  the  ov  rail  energy  requirement  becomes 
60  MJ/gm.  The  gain  is.  therefore,  about  1700  for  Or  - 3 gm/cm^  Compressions 
much  in  excess  of  5000  times  solid  density  are  not  useful  because  the  energy 
needed  to  overcome  the  degeneracy  pressure  becomes  larger  than  the  ignition 
energy.  The  net  gain  is  much  less  because  about  95%  oi  the  laser  energy 
absorbed  by  the  pellet  goes  into  blow-off.  The  "rocket"  is  thus  only  5% 
efficient,  so  that  the  actual  gain  is  closer  to  80  (Nuckolls,  1974). 
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3 

To  obtain  a final  density  of  1000  gm/cm  a compression  of  5000  is 

3 

needed  if  one  starts  from  solia  DT  fuel  (p  ==  0.2  gm/cm  ).  This  implies  a 
reduction  in  radius  of  a factor  close  to  20.  It  is  clear,  therefore,  that 
there  must  be  no  initial  departures  from  uniformity  in  implosion  pressures 
larger  than  5%  to  maintain  adequate  symmetry  in  the  central  region.  The 
inwardly  accelert  ;ing  part  of  the  tamper  must  also  be  carefully  controlled 
and  monitored  to  ensure  that  no  hydrodynamic  instabilities,  such  as  the 
Rayleigh-Taylor  instability,  develop.  Otherwise  the  fuel  will  again  be 
asymmetrically  compressed  with  loss  of  gain.  Calculations  with  elaborate 
numerical  codes  have  been  utilized  to  obtain  optimal  configurations  of  laser 
pulse  and  target  design.  These  must  ultimately  be  tested  against  experi- 
mental data. 

The  acquisition  of  such  data  imposes  extremely  stringent  demands  on 
the  time  and  space  resolution  capabilities  of  the  diagnostic  instruments. 

Rough  estimates  of  these  requirements  can  be  obtained  in  terms  of  the  fusion 
conditions  discussed  above.  We  require  a final  overall  pr  product  of 

2 _ 3 

3 gm/cm  at  a density  of  1000  gm/cm  corresponding  to  a final  radius  of  30  ym. 

3 

With  the  DT  initially  at  a density  of  0.2  gm/cm  the  initial  radius  is  about 
500  ym  and  the  fuel  mass  10  gm.  The  compression  and  ignition  requirement 
of  60  MJ/ gm  corresponds  here  to  6 kJ.  Most  of  the  fuel  prior  to  ignition 
is  at  100  eV  except  for  the  central  region  which  is  brought  to  10  keV.  The 
hydrodynamic  disassembly  time  is  essentially  the  radius  divided  by  the  sound 
speed,  or  about  30  psec  in  this  case.  To  obtain  reasonably  complete  infor- 
mation about  the  final  stage  of  the  implosion,  instruments  are  thus  required 
which  have  spatial  resolution  measured  in.  ym  and  a temporal  resolution  of 
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psec.  This  applies  to  both  passive  and  active  diagnostic  cools.  These 
limits  are  only  just  beginning  to  be  approached  with  information  acquired 
from  the  x radiation  of  the  target,  i.e.,  with  passive  devices.  Active 
probes  such  as  an  x— ray  laser  have  a number  of  important  advantages  here. 

These  will  be  discussed  in  Section  2-4.  In  the  following  we  single  out 
informatiLon  carried  by  x rays,  and  will  ignore  other  important  diagnostics 
Such  as  neutron  counts,  ion  energy  spectrum,  electron  energy  spectrum,  etc. 

These  are  discussed  in  detail  in  the  Laser  Fusion  Program  Reports  issued 
by  the  Lawence  Livermore  Laboratory  (see,  e.g..  Laser  Program  Annual  Report 
1975).  As  with  x-ray  emission  from  the  target,  this  diagnostic  tool  would 
provide  information  on  implosion  symmetry,  volume  compression,  and  plasma 
distribution  parameters. 

14 .1  Pinhole  Cameras 

The  pinhole  camera  has  for  some  years  now  been  the  mainstay  in  the  x— ray 
imaging  of  laser  fusion  targets.  It  has  the  obvious  advantage  of  simplicity 
of  construction  and  it  images  all  high  energy  photons  as  there  is  no  cutoff 
to  which  reflection  microscopes  are  subject.  If  resolution  can  be  sacrificed, 
the  camera  can  readily  be  made  more  sensitive  by  using  a larger  pinhole. 
Relatively  large  magnifications  (S/D)  are  simply  obtained  by  reducing  the 
object-pinhole  distance  (D)  and  increasing  the  pinhole-imaging  plane  distance  (S) 
The  spatial  resolution  is  unfortunately  limited  by  the  smallest  pinholes  that 
can  be  made  and  that  are  compatible  with  the  sensitivity  of  the  recording 
medium.  Usually,  pinhole  cameras  have  been  used  to  provide  spatially  resolved 
and  time-integrated  images  of  fusion  targets.  This  is  sufficient  to  indicate 
rougnly  the  ultimate  degree  of  compression,  but  provides  little  or  no  infor- 
mation on  such  important  questions  as  the  stability  of  the  ablator-fuel 
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interface.  Some  information  about  the  spatial  distribution  of  electron 
temperatures  can  be  gleaned  by  the  use  of  K-edge  filters  which  remove 
varying  amounts  of  soft  x radiation.  In  combination  with  a streak  camera 
the  pinhole  camera  can,  at  least  in  principle,  provide  temporally  and 
spatially  resolved  images  of  ar  imploding  pellet.  Because  the  x-ray  streak 
camera  usually  has  poor  inherent  spatial  resolution  ('^'150  ym)  , a larger 
magnification  is  required  than  has  been  provided  by  most  reflection  micro- 
scopes. The  pinhole  camera  then  provides  a useful  interim  solution. 

Typical  parameters  for  pinhole  instruments  are  provided  by  reports  on 
Lawrence  uivermore  Laboratory  Laser  Fusion  Program  [see,  e.g.,  the  LLL 
Laser  Program  Reports  of  1974  (UCRL-50021-74 , p.327ff),  and  1975  (UCRL-500021- 
75,  p.  276,  p.  418ff,  p.  458)].  Pinhole  diameters  range  from  5 to  75  ym, 
the  resolution  can  be  as  small  as  5 ym,  and  the  photon  fluxes  are  reduced 
by  a factor  of  order  100.  The  pinhole  camera  to  be  used  with  the  streak 
camera  has  a magnification  of  50  (D  = 1.3  cm,  S = 65  cm),  a pinhole  diameter 
of  3-5  ym,  and  a spatial  resolution  in  the  6 ym  range. 

14 . 2 Reflection  Microscopes 

As  noted  in  Section  10.3.1,  refractory  techniques  do  not  appear  feasible 
for  bending  x rays  with  reasonable  lens-image  distances.  One  must  rely 
instead  on  total  reflection  of  x rays.  In  contrast  to  visible  light  and 
away  from  resonances,  this  occurs  for  x rays  when  the  beam  is  incident  from 
the  less  dense  to  the  dense  material  up  to  a critical  angle  given  by 
0^  = cos  ^ n or,  approximately,  9^  = (25)"^  with  6 = 2.70  x 10^°  ZpA^/A  in 
terms  of  the  atomic  number  Z of  the  dense  material,  its  atomic  weight  A, 
material  density  p,  and  the  x-ray  wavelength  X. 
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as  diagnostic  tools 
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Refl.ection  microscopes  are  finding  extensive  use 
in  the  laser  fusion  experiments  at  the  Lawrence  Livermore  Laboratory  because 
of  the  necessity  for  probing  imploding  targets  at  the  1 ym  spatial  and  1 psec 
time  scales.  We  have  seen  that  the  pinhole  camera  can  provide  little  better 
than  5 ym  resolution  and  simply  does  not  provide  enough  imaged  intensity  to 
be  compatible  w.th  the  fastest  streak  cameras.  A typical  simple  design 
consists  of  two  orthogonal  concave-cylinder  surfaces.  Specifically,  an  LLL 
design  (UCRL-50021-74,  p.  327)  has  a glass  reflector  angle  of  incidence  0.8% 
radius  of  curvature  of  each  surface  R = 1000  in,  and  an  overall  focal  length 
of  10.5  in.  The  magnification  is  about  three  with  an  object  distance  of 
14  in  and  an  image  distance  of  42  in.  The  solid  angla  subtended  by  this 
system  is  only  6 x 10“®  sr  at  this  distance  and  hence  only  a small  fraction 
of  the  available  x rays  can  be  collected.  Attained  resolution  is  about  5 ym 
and,  most  importantly,  the  energy  cutoff  with  the  glass  surface  is  from  the 
above  expression  for  9^  about  5 S,  which  means  that  if  self  emission  of  the 
target  is  relied  on,  the  system  can  only  be  used  at  photon  energies  less  than 
1 keV.  A gold  surface  extends  the  cutoff  to  10  keV,  but  the  system  was 
insufficiently  sensitive  to  produce  images  at  photon  energies  in  excess  of 

1 keV. 

The  use  of  paraxial  reflecting  systems  will  probably  increase  sensitivity 
to  the  point  where  coupling  to  a psec  time  resolution  x-ray  streak  camera 
becomes  feasible.  They  have  the  further  advantage  of  high  magnification  at 
a relatively  large  collecting  angle  so  as  to  yield  high  resolution  (^1  ym) 
over  a large  field  of  view  (o^lOO  ym)  . This  type  of  x-ray  microscope  has 
already  been  described  in  outline  in  Section  10.3.2.  The  designs  currently 
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being  manufactured  for  diagnostic  purposes  in  laser  fusion  are  based  on 
Wolter's  calculations  (1952).  A specific  design  (UCRL-5002!iL-75 , Section  8.3.7) 
consists  of  a hyperboloid-eJ lipsoid  mirror  pair.  The  object  is  placed  at 
the  focus  of  a branch  of  the  hyperboloid  such  that  its  virtual  image  coincides 
with  the  focus  of  the  conjugate  branch  of  the  hyperboloid.  Since  the  latter 
is  also  one  of  the  foci  of  the  ellipsoid,  the  final  image  is  produced  at  the 
second  focus  of  the  ellipsoid.  Stops  and  baffles  block  out  undersirable 
reflected  rays.  To  cover  the  photon  energy  range, 1-10  keV  microscopes  must 
be  designed  with  surfaces  made  of  different  materials. 

To  obtain  resolution  in  the  ym  range  and  to  minimize  aberrations,  the 
design  criteria  must  be  met  within  exceedingly  close  tolerances.  For 
instance,  the  reflecting  surfaces  must  be  polished  to  within  50  S.  Even 
then,  ym  resolution  will  be  difficult  to  attain  if  a large  field  of  view  is 
also  required.  A magnification  of  50x  is  expected  ':o  be  needed  for  inter- 
facing with  the  psec  streak  camera. 

If  the  resolution  requirements  are  met,  one  is  still  limited  to  the 
x-ray  output  of  the  target  which  drops  off  sharply  beyond  a few  keV 
(Figure  14.1)  for  most  targets  .o  ..jc  ILaa; ; ,.i  ur  o.i  ; a,  .ila'':’  "’ 

distributions.  Further  t re,  the  x-ray  output  is  difficult  to  correlate  with 
the  input  parameters  of  tne  experiment,  v'hich  themselves  are  subject  to 
significant  uncertainty.  An  x-ray  laser,  on  the  other  hand,  readily  satisfies 
the  diagnostic  requirements.  It  acts  as  an  active  probe,  independent  of  the 
target  output.  It  has  a diameter  in  the  ym  range,  and  a pulse  time  ranging 
from  a thousandth  of  a psec  (for  keV  photons)  to  a tenth  of  a psec  (for  keV 
photons)  in  those  schemes  not  depending  on  the  existence  of  metastable  states. 
The  response  time  is  now  set  by  the  laser,  not  by  the  recording  instrument. 
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The  wavelength  can  be  varied  by  several  eV  by  photon  mixing  to  probe  near 
absorption  edges  in  the  1-4  keV  region  to  distinguish  the  cooler  tamper 
material  from  the  fuel.  This  is  especially  important  for  the  high-yield 
targets  which  are  most  prone  to  Rayleigh-Taylor  instabilities  of  the  inter- 
face. The  prodigious  intensity  of  the  laser  allows  one  to  operate  far  from 
the  target,  thus  leaving  room  for  other  diagnostic  instruments.  Because 
the  laser  beam  is  well-collimated , background  scattering  can  in  principle 
be  reduced  to  very  low  levels  by  increasing  tha  separation  between  the 
recording  medium  and  the  target. 
l4 . 3 Wavelength  Requirements 

To  describe  in  somewhat  greater  detail  the  ways  in  which  x-ray  lasers 

may  be  useful  for  probing  laser  fusion  targets,  it  is  convenient  to  discuss 

the  applications  according  to  the  two  basic  ways  in  which  the  plasma  alters 

the  beam  characteristics:  these  correspond  to  change  of  intensity  and 

change  in  phase.  Either  alternative  is  ultimately  limited  by  the  wavelengths 

available  and  the  densities  to  be  probed,  for  the  radiation  is  reflected  in 

29  2 -3 

zone  where  the  electron  density  is  10  /X^  cm  . The  expected  densities 

21  27  -3 

range  from  10  to  10  cm  . To  probe  the  pellet  at  the  upper  end  of  the 
density  range,  therefore,  requires  wavelengths  of  less  than  10  X. 

The  compressing  pellet  is  most  directly  probed  by  absorption  techniques. 
Here,  the  probing  beam  is  directed  through  the  region  to  be  studied  and 
the  attenuation  measured.  If  we  assume  that  beyond  the  line  spectral  region 
most  of  the  attenuation  is  by  free-free  absorption,  we  can  estimate  the 
absorption  from  the  well  known  expression  for  the  linear  absorption  coeffi- 
cient ; 
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K = 4410  sinh  (hv/2kT)  KQ(hv/2kT)  , 


with  hv/kT  - 1.24  x 10  ^ A^^  in  the  units  employed  here,  and  where  n^(n^) 

is  the  electron  (ion)  density,  n^  is  the  critical  density  for  wavelength 
(measured  in  pm  here),  and  Kq  is  the  modified  Bessel  function  of  order  0. 

For  the  configuration  we  considered  earlier  in  this  section  the  final  density 
of  the  deuterium-tritium  fuel  was  1000  gm/cc  and  the  final  radius  30  pm, 
corresponding  to  an  electron  density  of  2.4  x 10^^/cc.  Assuming  further  a 
fuel  temperature  of  1 keV  and  substituting  these  values  into  the  expression 
I for  K,  we  find  that  probing  radiation  of  1 X wavelength  or  less  is  required 

if  we  can  tolerate  an  intensity  reduction  of  the  incident  signal  by  a factor 
e after  passage  through  the  object.  An  x-ray  laser  beam  would  ha/e  suffi- 

' 

cient  intensity  to  leave  a detectable  signal  after  attenuation  by  several 
factors  of  e,  making  operation  in  the  several  Angstrom  regime  feasible . 

r 

i Inti'rf erometric  and  schlieren  methods  probe  the  electron  density  by 

i ™®^suring  phase  changes.  Since  the  radiation  must  penetrate  the  target  the 

I 1-  • u 

t f upper  limit  on  the  useable  wavelength,  again  set  by  absorption,  is  in  the 

I several  Xngstrom  range.  A number  of  interferometric  and  schlieren  techniques 

< contemplated  for  use  in  laser  fusion  target  diagnostics  have  been  discussed 

, ^ in  the  1975  Lawrence  Livermore  Laboratory  Laser  Program  Report  to  which  we 

^ have  already  referred  above.  The  procedures  are  standard  and  well-established 

in  other  applications.  In  the  interferometric  applications,  the  target 
material  is  placed  in  one  of  two  light  beams  which  are  balanced  in  the  absence 
of  the  target.  With  the  target  in  place  the  effective  path  length  of  the 
light  is  changed  in  proportion  to  the  target  thickness  and  its  refractive 


index,  which  in  turn  is  related  to  the  electron  density.  When  the  two  beams 
are  recombined,  the  phase  change  can  be  deduced  from  the  fringe  shift 
(Bonse  and  Hart  1965,  1966;  Batterman  and  Cole  196^;).  In  the  schlieren 
method  the  plasma  is  placed  between  Bragg  reflectors  oriented  with  their 
reflecting  planes  parallel.  Introduction  of  a plasma  in  the  beam  path 
between  these  reflectors  leads  to  refraction,  and  from  the  change  in  reflected 
intensity  6I  the  electron  density  n^  can  be  deduced  from  the  relation  (Haas 


1976) 


6I/I  ==  (K/2n^) 


dS  , 


is  the  plasma  length. 

Application  of  these  techniques  to  laser  fusion  target  diagnostics  is 
presently  severely  limited  by  tt^e  intensity  of  available  x-ray  sources. 

In  thin-crystal  Laue-type  interferometry  this  comes  about  because  the 
desired  spatial  resolution  can  only  be  achieved  with  incident  x-ray  beams 
of  small  angular  divergence.  For  Bragg-type  interferometry  limits  are  set 
by  the  finite  penetration  of  the  phase-shifted  x-ray  beam  into  the  crystal 
where  the  beams  combine.  The  schlieren  method  also  requires  a small  input 
aperture  and  hence  an  intense  and/or  well-collimated  x-ray  source.  X-ray 
laser  beams  would  satisfy  the  requirements  of  intensity  and  small  angular 
divergence,  and  should  thus  be  ideally  suited  to  these  applications. 

14.4  An  Experiment 

A typical  experiment  was  that  conducted  by  Holzrichter  et  al . (1973) 
in  which  pulsed  light  from  a 1.06  ym  neodymium  glass  laser  was  focused  onto 


250 


an  aluminum  target  by  an  f/15  lens  of  5 cm  diameter.  A spot  size  of  less 
than  50  ym  was  produced.  Pulse  lengths  used  were  0.25  nsec  and  0.9  nsec, 
and  about  3 J of  laser  energy  ended  up  on  the  target  of  which  1%  was 
converted  into  He-like  and  H-like  lines  above  1 keV  photon  energy.  The 
effective  spot  size  was  reduced  to  30  ym  by  filtering  the  very  soft  radiation 
from  the  corona.  The  radiating  plasma  expands  at  a temperature  of  about  a 
keV  at  a speed  of  10^  cm/sec.  For  a radiating  region  of  30  ym  the  pulse 
length  should  be  0.3  nsec,  with  a lower  limit  set  by  electron  thermal 
conductivity  (Braginskii  1965)  or  by  recombination  if  considerable  energy 
is  stored  in  ionized  states.  In  this  experiment  a magnification  of  8 was 
obtained,  with  a resolution  of  the  order  of  the  sp(>t  size.  This  is  not 
outstanding  compared  to  resolutions  obtainable  vrith  simple  shadowgraphy,  but 
there  is  still  the  advantage  of  reasonably  good  production  of  intense  line 
radiation  over  a relative.!  . 3ma.ll  region  for  a very  short  time. 


EMULATED  ELECTROMAGNETIC  SHOCK  RADIATION  (SESR) 

A1 . 1 Background 


stimulated  electromagnetic  shock  radiation  (SESR)  Is  a nto  effect 
whose  existence  aud  qualitative  properties  follow  from  very  general  con- 
siderations of  classical  electrodynamics.  Consequently  Its  quall-atlve 
predictions  such  as  its  great  potential  .or  the  generation  of  electro- 
magnetic radiation  throughout  the  frequency  range  from  microwave,  through 
the  millimeter,  submillimeter.  Infrared,  visible,  ultraviolet  and  even  the 
dlfficult-to-obtaI„  x-ray  regime,  are  based  on  well-established  concepts. 
The  effect  has  thus  far  been  considered  theoretically  (Schneider  and 

Spltaer  1974,  1975b,  1976a,  1976b,  1977).  It  has  not  as  yet  been  observed 
experimentally. 

Results  of  specific  calculations  have  been  presented  for  SESR  in 
dlsperslonless  media  (Schneider  and  Spitser  1974,  1976b),  In  frequency- 
dispersive  media  (Schneider  and  Spitser  1975b),  in  possible  combination 
with  stimulated  emission  between  discrete  levels  (Schneider  and  Spitser 
1976a)  and  in  its  possible  role  in  generating  submilllmeter  waves  (Schnelde. 
and  Spitter  1976b),  and  numerical  results  for  characteristics  of  this 

radiation  have  been  presented  over  wide  parametric  ranges  (Schneider  and 
Spitzer  1977)  . 

The  SESR  effect  Involves  radiation  produced  by  moving  electrons  Inter- 
acting with  an  Incident  coherent  electromagnetic  wave  In  a polarlrable 
medium  when  the  electron  speed  Is  greater  than  a certain  critical  (Mach) 
speed  (supercritical  conditions  sh  >1).  Ihe  radiation  produced  by  this 
mechanism  Is  frequency  shifted  fro,,  that  of  the  Incident  wave,  narrow  band. 


tunable  by  variation  of  three  independent  parameters  (frequency  of  incident 
electromagnetic  wave,  beam-electron  energy,  polarizability  of  the  medium), 
and  can  be  made  very  intense.  The  crucial  factor  for  the  mechanism 
underlying  SESR  is  not  the  presence  of  a medium  per  se,  but  the  possibility 
of  realizing  supercritical  conditions  because  of  the  presence  of  the  medium. 
The  incident  electromagnetic  wave  imparts  motion  transverse  to  the  tra- 
jectory of  the  beam  electron  and  stimulates  it  to  radiate  at  frequencies 
markedly  different  from  that  of  the  incident  wave  because  of  the  large 
relative  motion  between  the  front  of  the  incident  wave  and  the  beam  electron 
(Doppler  shift).  This  radiation  is  then  scattered  (absorbed  and  reemitted) 
by  the  polarizable  medium,  causing  a slowing  down  of  the  electromagnetic 
disturbances  and  thereby  allowing  the  beam  electron  to  move  ahead  of  the 
reemitted  radiation.  The  radiation  emitted  at  different  points  of  the  beam- 
electron  trajectory  can  then  add  coherently,  producing  an  intense  radiation 
shock  front.  The  properties  of  radiation  produced  under  such  supercritical 
conditions  are  vastly  different  from  those  of  radiation  produced  by  the 

interaction  of  coherent  electromagnetic  waves  with  relativistic  electrons 

2 

under  subcritical  conditions  (6  e < 1),  whether  in  vacuum  or  in  the 
presence  of  a medium.  Under  subcritical  conditions  one  simply  gets  double- 
Doppler-shifted  Compton  scattering  without  formation  of  the  intense 
radiation  shock  front,  which  has  been  considered  by  Pantell  et  al. (1968)  and 
by  Sijkhatme  and  Wolff  (1973,  1974).  The  radiation  field  under  supercritical 
conditions  is  stationary  with  respect  to  the  incident  electron,  is  confined 
to  the  inside  of  a cone  (which  can  be  made  very  narrow) , becomes  qualita- 
tively more  intense  as  the  edge  of  the  cone  is  approached  from  the  inside  of 
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the  cone,  and  is  therefore  highly  directional.  In  all  these  respects  £ESR 
differs  essentially  from  Doppler-shifted  Compton  scattering  under  sub- 
critical  conditions.  Although  all  these  properties  of  SESR  have  their 
counterparts  in  Cerenkov  radiation,  SESR  has  characteristics  that  are 
specific  to  it  and  are  not  shared  by  Cerenkov  radiation.  Again,  the 
characteristics  of  these  two  effects  are  so  vastly  different  as  to  make 
Cerenkov  radiation  and  SESR  essentially  different  phonemena.  These 
differences  will  be  summarized  later. 

The  physical  mechanism  underlying  SESR  involves  a synergism  between 
two  distinct  and  well  established  phenomena,  the  Doppler  shift  in  frequency 
of  backscattered  radiation  in  Compton  scattering  under  subcriticai  conditions 
cind  the  focusing  and  attendant  coherent  intensification  of  waves  produced 
in  a medium  by  particles  that  satisfy  the  Mach  condition.  It  is  a synergism 
in  that  when  conditions  are  satisfied  simultaneously  for  both  of  the  two 
known  phenomena,  the  characteristics  of  the  resulting  radiation  cannot  be 
obtained  or  understood  simply  by  superposing  characteristics  of  these  two 
phenomena.  For  example,  the  frequency  of  SESR  cannot  be  derived  on  the 
basis  of  usual  photon-electron  kinematics  modified  by  the  replacement  of 
the  speed  of  light  in  vacuum  by  its  speed  in  the  medium.  Thus  the  Pantell- 
Sukhatme-Wolf f (PSW)  effect  and  SESR  have  the  common  feature  that  both 
involve  scattering  of  the  incident  coherent  wav^  from  the  incident  electron, 
that  is,  radiation  by  the  incident  electron  in  the  field  of  the  incident  wave. 
But  the  analogy  stops  there  because  only  SESR  has  strong  directionality, 
high  intensity  and  relative  spectral  purity,  in  effect  because  of  factors 
in  the  underlying  mechanism  that  are  absent  in  the  PSW  effect.  The  properties 
of  SESR  and  Doppler-shifted  Compton  scattering  in  vacuum  are  vastJy 
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different,  in  essence  because  the  latter  is  a subcritical  effect  whereas 
SESR  is  a supercritical  effect. 

Some  perspective  as  to  the  status  of  SESR  in  relation  to  known  radiation 
phenomena  can  be  obtained,  by  analogy  with  the  preceding  comparison  between 
SESR  and  the  PSW  effect,  by  comparing  the  similarities  and  differences 
between  the  mechanisms  for  Cerenkov  radiation  and  bremss trahlung . The 
latter  two  phenomena  have  the  common  feature  that  in  the  oresence  of 
external  sources  the  Coulomb  <^ield  of  the  incident  particle  (Lorentz- 
transformed  to  the  rest  frame  of  the  external  sources)  acts  to  produce 
radiation.  The  properties  of  the  radiation  in  the  two  effects  are  never- 
theless essentially  different,  even  though  their  mechanisms  have  some  common 
features,  again  because  Cerenkov  radiation  is  a supercritical  effect  whereas 
bremss trahlung  is  a subcritical  effect.  These  two  effects  are  thus 
regarded  as  basically  different  phenomena.  The  mechanisms  for  these  two 
and  the  preceding  two  phenomena  are  interrelated  and  distinguished  by  the 
fields  (Coulomb  vs.  radiation)  of  the  incident  particle  that  enter  into 
the  relevant  interactions  and  by  the  conditions  (subcritical  vs.  super- 
critical) under  which  these  phenomena  occur.  These  relations  and 
differences  are  summarized  in  the  logical  diagram  shown  in  Fig.  Al.l. 

The  common  feature  between  Cerenkov  radiation  and  SESR,  as  already 
mentioned  above,  is  that  they  both  involve  highly  directional  coherent 
radiation  by  the  medium  under  supercritical  conditions  . The  essential 
difference  between  the  mechanisms  for  these  two  effects  lies  in  the  spectral 
composition  of  the  field  of  the  incident  particle  chat  excites  the  polari- 
zation currents  induced  in  the  medium  to  radiate,  which  entails  both  much 
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more  intense  and  much  narrower— band  radiation  in  the  SESR  effect  compared 
to  the  Cerenkov  effect.  This  last  characteristic  of  the  SSSR  spectrum 
derives  from  the  narrow-band  nature  of  the  radiation  scattered  in  a given 
direction  from  the  incident  electrons,  as  compared  to  the  broad-band  nature 
of  the  Coulomb  field  exciting  the  medium  electrons  in  the  Cerenkov  effect. 
Provided  that  the  electron  is  reasonably  relativistic,  the  degree  of  mono- 
chromaticity of  SESR  emission  is  limited  primarily  by  the  bandwidth  of  the 
incident  electromagnetic  wave,  rather  than  by  the  intrinsic  limiting  factor 
for  the  output  bandwidth  due  to  the  slowing  down  of  the  beam  electron 
caused  by  its  energy  lo'^ses.  In  addition,  the  power  emitted  into  SESR 
depends  quadratically  on  the  distance  L of  interaction  in  the  medium,  as 
compared  to  linear  dependence  on  L of  Cerenkov  radiation.  Tlie  differences 
in  the  properties  of  these  two  phenomena  are  summarized  in  Table  Al.l. 

Their  diverse  nature  becomes  clearer  on  comparing  explicit  expressions  for 
these  two  effects  in  nondispersive  media,  which  ..re  given  in  the  next 
section.  But  it  is  worth  noting  explicitly  at  this  stage  of  the  discussion 
that  the  only  extrapolation  involved  in  the  general  argument  for  the 
existence  and  qualitative  properties  of  SESR  is  that  the  medium  will  respond 
in  a specific  manner  to  the  radiation  field  of  the  incident  particle,  given 
that  it  does  respond  in  this  manner  to  its  Coulomb  field.,  It  is,  therefore, 
an  extrapolation  based  on  well-established  properties  of  classical  electro- 
dynamics . 

Finally,  in  tnis  section,  it  is  noted  that  the  SESR  mechanism  also 
differs  fundamentally  from  that  for  the  laser.  The  laser  mechanism  is 
based  on  the  excess  of  stimulated  emission  over  stimulated  absorption  from 


Table  Al.l.  Compel 


son  of  Properties  of  Cerenkov  Radiation  and  SESR 


Cerenkov 

SESR 

spectral 

properties 

broad  band 

narrow  band 

dependence  on 

interaction  length 

L . in  medium 

1 

"i 

1 

t unability 

no 

yes 

dependence  on 
incident  wave 

no 

yes 
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a nonequilibrium  distribution,  that  is,  it  involves  release  of  energy 
stored  in  a medium.  The  basic  SESR  mechanism  is  fundamentally  different 
in  that  it  involves  energy  conversion  from  the  electron  into  radiation, 
but  no  release  of  energy  stored  in  the  medium.  The  decisive  difference 
between  the  role  of  the  medium  in  the  two  cases  is  that  the  state  of  the 
medium  must  change  in  the  lasing  process  whereas  it  need  not  change  in 
the  SESR  process.  Unlike  the  role  of  the  medium  in  the  laser  mechanism, 
where  it  acts  as  an  amplifier,  its  role  in  the  SESR  mechanism  is  to  tailor 
the  electromagnetic  avdmittance  so  as  to  produce  the  slow-wave  structure 
necessary  to  allow  the  formation  of  an  electromagnetic  shock.  A conse- 
quence of  this  is  that  the  large  spontaneous-decay  rate  at  x-ray  frequencies, 
which  imposes  severe  pump-power  requirements  for  producing  an  inverted 
population  in  an  x-ray  laser,  is  largely  avoided  as  a limiting  factor  in 
producing  radiation  at  x-ray  frequencies  by  the  SESR  mechanism.  The  basic 
differences  between  the  two  phenomena  entail  that  specifications  of  SESR 
characteristics  for  different  applications  are  not  subject  to  the  con- 
straints that  govern  the  physical  processes  giving  rise  to  lasing.  The 
fundamental  difference  berween  the  SESR  and  laser  mechanisms  becomes 
especially  clear  on  noting  that  that  the  SESR  effect  occurs  even  for  a 
single  incident  electron,  whereas  the  PSW  effect,  which  involves  the  use 
of  stimulated  Compton  scattering  for  obtaining  laser  cction,  requires  a 
suitable  momentum  distribution  of  beam  electrons;  that  is,  the  PSW  effect 
is  nonexistent  and  not  even  defined  for  a single  electron.  These  differences 
are  summarized  in  Tables  A1.2  and  /I. 3.  This  is  not  to  say  that  the  medium 
cannot  pley  a dynamical  role  in  conjunction  with  the  SESR  effect,  for 
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Table  Al.  2. 


Some  Basic  Differences 


Between  SESR  and  Laser  Mechanisms 


SESR 

Laser 

source  of 
energy 

conversion  of  energy  from 
incident  electron  into 
radiation  by  means  of 
coherent  medium  response 
under  supercritical 
conditions 

excess  of  stimulated  emission 
over  stimulated  absorption 
from  a nonequilibrium 
distribution;  release  of 
energy  stored  in  the  medium 

role  of 
medium 

slow-wave  structure;  state 
of  medium  need  not  change 
during  SESR  emission 

amplifier;  state  of  medium 
must  change  for  laser  action 

role  of 

spontaneous 

emission 

none  in  basic  SESR 
mechanism 

large  spontaneous  decay  rate 
at  x-ray  frequencies  imposes 
very  high  requirements  on 
pump  power  and  inversion 
density 
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ii 
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Table  A1.3. 


Some  Basic  Differences  Between  SESR  and 


Pantell-Sukh.itme-Wolf f (PSW)  Effect 


SESR 


PSW 


condition  on 
speed  of  incident 
electrons  relative 
to  Mach  speed 


supercritical  effect; 
speed  of  electrons 
greater  than  Mach 
speed  (effect 
requires  polarizable 
medium) 


subcritical  effect; 
speed  of  electrons  less 
than  Mach  speed  (effect 
present  in  vacuum) 


role  of  incident 
electrons 


produce  frequency 
shifted  from  that  of 
incident  wave  by  stim- 
ulated scattering 
(radiation  of  incident 
electron  in  field  of 
incidei;c  wave) 


dual  role:  i)  upshift 
frequency  of  incident 
wave  by  stimulated  back 
scattering;  ii)  pro'tLde 
active  mediimi  for  laser 
mechanism 


condition  on  none;  effact  occurs 

distribution  of  for  single  electron 

beam  electrons 
for  existence  of 
effect 


requires  suitable 
momentum  distribution  of 
beam  electrons;  effect 
nonexistent  and  undefined 
for  single  electron 
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example,  with  the  latter  serving  to  pump  the  medium  or  even  in  closer 
linkage  with  the  laser  mechanism.  In  fact,  a system  where  the  SESR  and 
laser  mechanisms  act  in  combination  has  been  considered  as  a possible 
source  of  quasicoherent  x rays  (Schneider  and  Spitzer  1975a,  1976a). 

Such  a system  is  considered  further  in  the  final  section.  But  at  its  most 
rudimentary  level,  the  SESR  mechanism  involves  no  change  ir  the  equilibrium 
distribution  of  level  populations  of  the  medium. 

Demonstration  experiments  of  the  SESR  effect  are  being  planned  at  this 
^^^ting  at  several  laboratories  around  the  country. 

A1 . 2 Theory 

Stimulated  electromagnetic  shock  radiation  is  an  intrinsically 
classical  effect,  and  the  solution  of  the  dynamical  problem  in  the  simplest 
case  involves  only  Maxwell's  equations  and  the  Lorentz  force.  The  simplest 
configuration  that  exhibits  the  effect  is  that  of  a monochromatic  wave  of 
amplitude  Eg  and  frequency  Wg  colliding  head-on  with  an  electron  of  speed  u 
in  a nondispersive  medium  (see  Fig.  A1.2).  This  problem  is  amenable  to  an 
exact  solution  of  Maxwell's  equations  to  leading  order  in  the  incident  field 
(Schneider  and  Spitzer  1974)  and  displays  the  characteristics  expected  on 
the  basis  of  general  arguments.  This  model  of  a charged  particle  moving  in 
a polarizable  medium  at  supercritical  speed,  but  without  the  incident 
stimulating  wave,  is  the  one  originally  considered  by  Frank  and  Tamm  (1937) 
in  their  explanation  of  Cerenkov  radiation,  so  the  characteristics  of  the 
two  effects  in  a dispersionless  medium  can  be  compared  by  analyzing  the 
respective  solutions.  The  use  of  nondisp^rsive  medium  also  serves  to 
eliminate  the  spread  in  frequency  of  the  generated  wave  due  to  dispersion 
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All 


and  to  isolate  those  frequency  characteristics  of  the  two  phenomena  that 
are  due  to  the  intrinsic  spectra  of  the  respective  parts  of  the  field  of 
the  incident  particle  exciting  the  medium  to  radiate. 

The  electromagnetic  field  of  Cerenkov  radiation  is  a dispersionless 
medium  characterized  by  a constant  susceptibility  X " £ ~ 1»  was  derived 
by  Tamm  (1939).  The  component  of  the  electric  field  along  the  trajectory 
of  the  electron,  in  terms  of  cylindrical  coordinates  (p,  z) , is  given  by 


E (p,z,t)  = 4- 

c euy  9t 

s 


e(T)e(Y„uT  - p) 


2 

Yg  = (e  e - 1) 


T = t 

u 


n / 2 2 2 2,^ 

Q = (YgU  T - p ) , 3 = u/c 


e(x) 


1 for  X > 0 

0 for  X < 0 . 


(la) 


(lb) 


To  leading  order  in  the  incident  wave,  the  electric  field  of  SESR  in 
a dispersionless  medium  (Schneider  and  Spitzer  1974)  is  given  by 


-*■  ^^e^s^O  9 


0(t)0(y„ut  - p) 


COE  (aQ)  cos  (J^  t - Kz) 
s 

(2a) 


where  E*  is  the  amplitude  of  the  incident  electromagnetic  wave  and 
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r = (e^/mc^)  = 2.82  x lO  cm  , a = (S2  , 

e s s 

-ij 

K = /u)(l  + y~h,  Y = (1  - B^)  (2b) 

s s 

Q.  = Y^‘JJn(-^  ? 

s s U 

n is  the  index  of  refract’on  at  the  incident  frequency  oJq,  and  we  leave 

2 

open  the  possibility  that  £ ^ n . 

The  field  (2a)  is  that  produced  by  a single  electron.  For  N randomly 

distributed  beam  electrons,  spaced  at  distances  larger  than  the  wavelength 

of  the  output  radiation,  the  superposition  of  the  radiation  produced  by 

different  beam  electrons  is  incoherent  so  that  the  power  output  is  proportional 

to  N.  Tlie  SESR  emission  for  any  individual  beam  electron  is,  of  course, 

still  coherent  in  the  sense  tha:-  radiation  emitted  at  different  points  along 

that  electron's  trajectory  adds  in  phase  at  a specific  angle  from  the 

trajectory.  For  N beam  electrons  bunched  within  a distance  less  than  the 

wavelength  of  the  emitted  radiation,  the  SESR  field  itself  is  proportioned 

2 

to  N,  and  power  goes  as  N . The  problem  of  bunching  electrons  at  x-ray 
wavelengths  by  means  of  the  SESR  effect  is  identified  in  the  last  section 
for  further  study. 

Tne  field  E of  SESR  is  seen  to  share  some  common  properties  with  the 
s 

field  E of  Cerenkov  radiation,  such  as  confinement  to  within  the  Mach  cone 
c 

and  the  formal  infinity  on  the  sui'face  of  the  cone,  which  is  smoothed  out 
by  the  dispersive  properties  of  any  real  medium,  both  for  Cerenkov  radiation 
and  for  SESR.  In  addition,  the  -Field  has  properties  specific  to  SESR. 


It  depends  explicitly  on  the  amplitude  Eq  of  the  incident  electromagnetic 
wave  and  inversely  cn  the  mass  of  the  incident  particle,  which  reflects 
that  SESR  is  an  acceleration  effect,  whereas  Cerenkov  radiation  is  a 
velocity  effect.  The  oscillatory  dependence  of  the  field  shows  explicitly 
the  shifted  frequency  . It  is  stressed  again  that  the  shock  frequency 
is  a dynamical  result  that  cannot  be  derived  from  the  usual  photon- 
electron  kinematics.  It  is  also  noted  that  the  shock  frequency  is  continu- 
ously tunable  because  of  its  dependence  on  the  electron  velocity,  incident- 
wave  frequency  and  medium  properties,  all  of  which  can  be  varied  continuously. 
Graphs  of  output  wavelengths  as  a function  of  electron  energy  are  given  in 
the  next  section  for  several  specific  media  and  incident  wavelengths. 

The  approximate  expression  (valid  in  the  frequency  range 
10^^^  oJq  < 10^  rad-sec  for  energy  converted  into  SESR  in  an  incremental 
distance  Az  is  (Schneider  and  Spitzer  1977) 


AW 

s 


(fa  T.)^(B^e')^  Hn 
s H 


E 

E - E(Az) 


(3) 


2 

where  a = (Stt/S)  r is  the  Thomson  cross  section,  (W  /AL)  is  the  volume 

* 6 Jj 

energy  density  of  the  incident  electromagnetic  wave. 


= (Az/3u) 


(4) 


is  a representative  value  of  x in  the  distance  Az,  E is  the  incident  electron 
energy  prior  to  its  interaction  in  the  medium  and  E(Az)  is  its  energy  at 
distance  Az  after  its  interaction  with  the  incident  wave.  The  corresponding 
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result  for  energy  converted  into  Cerenkov  radiatior  in  the  frequency  range 

Afi  is 
s 


AW 

c 


AS^  Az  , 
s s 


(5) 


Cerenkov  radiation  is  known  to  be  weakest  in  the  forward  direction,  which 
2 

corresponds  to  6 £ = 1 since  for  a nondispersive  medium  the  Mach  angle 
(angle  between  the  wave  front  and  the  electron  trajectory)  is  specified  by 


sin  (p  = ($/e)  ^ 


(6) 


By  contrast,  SESR  becomes  stronger  as  the  Mach  angle  gets  larger,  i.e.,  for 
2 

S £ - 1-  The  ratio  of  the  two  energy-conversion  rates  is 


r (Az)^ 
e 

AAzL 


|l  + Y 


3 


^.n 


E 

E - E(Az) 


(7) 


In  gaseous  media  and  in  evacuated  or  gas— filled  slow-wave  structures, 
energy  conversion  into  SESR  will  be  orders  of  magnitude  larger  than  into 
Cerenkov  radiation,  and  in  fact  larger  than  all  other  energy-loss  mechanisms 
of  the  electron  combined,  including  bremsstrahlung  and  ionization.  In  other 
words,  the  effect  is  potentially  self-limiting,  and  a s?jbstantial  fraction 
of  the  beam-electron  energy  will  be  converted  into  SESR. 

For  a single  electron,  the  bandwidth  of  Che  SESR  output  is  limited 
primarily  by  the  electron's  energy  loss  (Schneider  and  Spitzer  1977).  The 
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energy  at  distance  , the  incident  electron  energy  and  the  fractional 
frequency  spread  of  SESR  are  related  approximately  by 


lor  intense  electron  beams  this  relation  may  have  to  be  modified  to  take 
into  account  possible  corrections  due  to  changes  in  the  dielectric  proper- 
ties cf  the  medium  that  may  be  produced  by  such  intense  beams. 

Under  conditions  where  SESR  is  self-limiting  and  in  the  approximation 
in  which  all  other  energy-loss  mechanisms  are  neglected,  the  change 
E - E(L^)  in  the  electron  energy  can  be  equated  to  the  energy  converted  into 
SESR.  If  in  addition  the  rate  of  energy  loss  by  the  electron  is  sufficiently 
slow  so  that  is  relatively  small,  then  the  energy  conVerted  in  a 

macroscopic  interaction  distance  L into  SESR  with  specified  /Q  is 

^ s s 

approximated  well  by  expression  (3)  with  Az  replaced  by  L^.  The  relation 
between  the  interaction  distance  and  the  SESR  bandwidth  is  then  given  by 
(Schneider  and  Spit  zer  1977) 

2 

^3  + (E  - mc^)/mc^]  [E  - E(L^)] 

8TTr^(W^/AL)  (Qs/Wq)^  Jin  {(E  - mc^)/[E  - E(L^)]} 

The  maximum  interaction  distance  corresponds  to  energy  loss  down  to 

2 

threshold  condition  B £ = 1,  where  the  electron  energy  is  well  approximated 
by 


E(L  ) = mc^/y^  , 
m ^ 


(10) 
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and  the  relation  between  the  interaction  distance  and  bandwidth  by  (Schneider 
and  Spitzer  1977) 

2 ^ 2 -I' 

^3  (H/mc  ) (E  - me  y 

“ 256Tr(r^/Ai5)(W  /AL)  In  [Ey^^/ (E»^  - mc^)  ] 

e u L 

The  ratio  of  the  enersy  converted  by  an  electron  into  SESR  to  the 
total  energy  loss  Ly  the  electron  above  threshold  for  SESR,  and  under 
conditions  where  this  effect  is  self-limiting,  is  very  nearly  unity.  In 
this  sense  the  conversion  efficiency  into  SESR  is  almost  100%.  An  alter- 
native rating  of  the  efficiency  of  the  SESR  process  is  to  compare  the  total 
energy  that  can  be  converted  into  SESR  under  self— limiting  conditions  with 
the  total  kinetic  energy  of  the  electron, 

5 = 1-  — [/I  + X - 
IVx 

T = E - mc^  . (12b) 

In  the  next  section  we  give  tables  of  i)  output  wavelengths  as  a 
function  of  the  kinetic  energy  of  the  electron  for  different  gaseous  media 
at  different  densities,  ii)  interaction  distance  as  a function  of  incident 
electromagnetic  wave,  iii)  energy  converted  by  a single  electron  into  SESR 
under  self-limiting  conditions  as  a function  of  bandwidth  of  output 
frequency  for  different  electron  energies  and  different  output  frequencies, 
and  iv)  efficiency  for  maximum  energy  conversion  by  an  electron  into  SESR 
under  self-limiting  conditions  for  different  incident  electron  energies  and 
different  susceptibilities. 


A18 


All  numerical  results  in  this  report  were  obtained  from  analytic 
results  derived  for  a dispersionless  medium  (Schneider  and  Spitzer  1974, 
1976b).  We  note  that  the  production  of  SESR  in  the  uv  and  x-ray  regimes 
will  generally  correspond  to  situations  in  which  medium  resonances  play 
an  essential  role,  in  which  case  the  numerical  results  must  be  regarded 
as  semiquantitative  at  best.  It  is  emphasized,  however,  that  the  existence 
itself  of  SESR  in  these  frequency  regimes  does  not  depend  on  the  idealizing 
assumption  of  a nondispersive  medium.  Moreover,  numerical  analysis  of  the 
dispersive  case  (Schneider  and  Spitzer  1975b)  shows  that  the  potential  for 
fine  tuning  and  narrow  bandwidth  persists  into  the  dispersive  regime.  In 
situations  in  which  medium  resonances  play  a role,  there  will  almost  cer- 
tainly be  a distribution  of  intensities  at  several  distinct  shock  fre- 
quencies (Schneider  and  Spitzer  1975b,  1976a).  The  general  properties  of 
SESR  emission  in  the  frequency-dispersive  regime  are  summarized  in 
Table  A1.4.  Complete  specification  of  the  characteristics  of  the  SESR 
output,  including  the  distribution  o:  intensities  among  different  shock 
frequencies,  must  be  based  on  the  general  analysis  developed  for  frequency- 
dispersive  media  supplemented  by  either  measured  or  calculated  values  of 
oscillator  strengths  for  specific  media.  This  is  a program  identified  in 
the  final  section  for  further  study.  In  addition  to  the  extensive  numerical 
work  called  for  in  such  a program,  additional  related  research  should  aim 
at  means  for  preferential  excitation  of  selected  shock  modes  in  regimes  in 
which  SESR  emission  occurs  at  more  than  one  frequency.  A cursory  summary 
of  son^  results  derived  for  the  frequency-dispersive  case  is  given  below. 
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Table  A1 . 4 


|co| 

Thermal  Equilibrium 

Inverted  Population  of 
Levels  Associated  with  (Uj 

Nonanomalous 

IcjI  < (jJ. 

' ' 2 

Two  radiation  bands,  each 
containing  an  intense  wave 
pattern  at  SESR  frequency, 
with  small  loss.  Shock 
angle  acute  or  slightly 
obtuse . 

One  radiation  band  with 
small  gain;  no  SESR 
frequency 

IojI  > (jJ. 

' ' J 

One  radiation  band  with 
small  loss ; no  SESR 
frequency. 

Two  radiation  bands , each 
containing  an  intense  wave 
pattern  at  SESR  frequency 
with  small  gain.  Shock 
angle  obtuse  or  slightly 
acute . 

Anomalous 

Iwl  - 0). 

' ' 2 

Two  radiation  bands  with 
large  loss;  no  SESR 
frequency. 

Discrete  frequency  con- 
tribution at  a)  = a)j+irj 
with  very  large  loss. 

Two  radiation  bands  with 
large  gain;  no  SESR 
frequency. 

Discrete  frequency  con- 
tribution at  0)  = to  j - iFj 
with  very  large  gain  from 
lasing  mode  of  medium. 

Characteristics  of  radiation  found  troin  the  analysis  in  the  dispersive 
regime  for  each  medium  resonance  and  damping  constant  . 


The  electric  field  of  SESR  in  a frequency-dispersive  medium  is  given 


by  (Schneider  and  Spitzer  1975b) 


Eg(p,z,t) 


e 0 


TTuYO) 


0 


3t 


, itiJT+if2z/u 
d(jj  e 


Ky[A((jj)p] 


(13a) 


Re  A((jj)  > 0 , 


where  Kq  is  the  modified  Bessel  function  (Abramowits  and  Stegun  1964),  the 
function  that  appears  in  the  argument  of  Kq  is  defined  by 


ard  the  integral  extends  over  all  values  of  o)  tor  which  A is  neigative. 

An  approximate  expression  for  the  electric  field  (13)  for  the  dispersive 
case  has  been  derived  by  saddle-point  techniques,  and  the  analytic  results 
have  been  studied  numerically. 

For  a medium  characterized  by  a Lorentz-model  susceptibility,  numerical 
work  indicates  that  radiation  will  be  produced  simultaneously  in  more  than 
one  distinct  and  narrow  frequency  band.  In  each  such  frequency  band  there 
will  be  a discrete  frequency  at  which  the  overwhelming  portion  of  the 
radiation  will  be  produced  in  the  form  of  an  intense  shock  front  at  a 
specific  shock  angle.  In  general,  the  number  of  such  pass  bands  will  be 
roughly  equal  to  twice  the  number  of  resonant  frequencies  that  characterize 
the  medium,  but  some  of  the  frequency  bands  may  coalesce  for  particular 


values  of  the  relevant  parameters.  The  SESR  frequencies  associated  with  a 
given  resonance  frequency  corresponding  to  noninverted  (inverted)  popalations 
will  be  below  (above)  that  resonance  frequenc ' . 

The  shock  frequencies  in  dispersive  media  depend  dynamically  on  the 
distribution  of  populations  of  the  energy  levels  that  give  rise  to  the 
medium  resonances . A given  shock  frequency  changes  from  below  to  above  the 
resonance  frequency  of  the  medium  with  which  it  is  associated  as  the  popu^  t~ 
tions  of  the  two  energy  levels  corresponding  to  this  resonance  frequency 
change  from  an  equilibrium  distribution  to  an  inverted  one.  This  dynamic 
resonance  crossing  provides  the  basis  for  a nev;  pumping  and  amplification 
mechanism  that  combines  SESR  action  with  stimulated  emission  between  dis~ 
Crete  levels  (Schneider  and  Spitzer  1975a,  1976a) . A specific  example  of 
a five-level  system  based  on  such  a mechanism  has  been  considered  as  a 
means  of  generating  Intense  quasicoherent  electromagnetic  radiation  at 
x-ray  frequencies.  Systems  of  this  kind  are  identified  in  the  last  section 
as  calling  for  further  research. 

A1 . 3 Numerical  Results 

Sample  parameters  for  producing  SESR  at  different  frequencies  have 
been  given  over  wide  ranges  (Schneider  and  Spitzer  1977).  The  results 
given  here  are  for  selected  sets  of  parameters  in  gaseous  media  that  illus- 
trate the  broad  range  over  which  tunable  output  frequencies  can  be  produced 

and  which  may  be  of  particular  interest  for  specific  applications.  All 

2 

numerical  results  were  obtained  by  assuming  E = n , which  entails  that  in 
regimes  where  medium  resonances  come  into  play  these  results  should  be 
regarded  as  semiquantitative,  and  the  susceptibility  was  scaled  for  other 
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than  STP  conditions  by  assuming  the  perfect  gas  law.  The  observed  frequencies 


for  any  given  set  of  parameters  may,  therefore,  differ  from  the  ones  computed 
on  the  basis  of  these  idealizing  assumptions,  either  because  of  deviations 
of  the  equation  of  state  from  the  perfect-gas  law  or  because  of  dispersion. 
For  purposes  of  generating  an  output  frequency  closer  to  a specified  one 
than  may  be  given  ty  these  idealized  calculations,  adjustments  in  the  various 
parameters  can  simply  be  made  experimentally  until  the  desired  frequency  is 
achieved.  Conversely,  measurements  of  the  SESR  frequencies  under  different 
conditions  can  provide  high-precision  determination  of  the  dispersive 
properties  and  equations  of  state  for  different  media.  A combined  theoreti- 
cal and  experimental  parametric  study  of  material  properties  is  identified 
in  the  last  section  for  further  research.  The  medium  conditions  are 
characterized  in  the  tables  in  terms  of  the  number  of  amagats  (density  of 
the  gas  in  units  of  density  at  STP;  1 amagat  Avogadro's  number/22.4  %)  . 

The  wavelengths  listed  in  the  tables  correspond  to  the  frequencies  (jOq  and 

in  vacuum, 
s 

= 2'ic/co~  » A = 2Trc/n  . (14) 

U U s 


■ 1 

i i 


Tables  Al.J<,Ai.8  list  output  wavelengths  as  a function  of  the  kinetic 
energy  of  the  ei^rtron  for  two  noble  gases  at  several  densities  and  for  two 
incident  wavelengths  In  the  microwave  regime,  3 cm  (x-band)  and  1.25  cm 
(K^-band) . These  two  incident  wavelengths  were  chosen  because  they  are 
readily  available,  their  sources  ate  c >;i tinuously  tunable,  and  they  thereby 
illustrate  the  continuous  tunabllity  of  the  output  wavelength  by  continuous 
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65 


0.0623 


0.02596 


70 

75 

85 

00 

10 

20 

50 

00 

00 

1 GeV 

2 GeV 
10  GeV 


0.1872 

0.2880 

0.4393 

0.5873 

0.6543 

0.7053 

0.8021 

0.8776 

0.9594 

0.9711 

0.9740 

0.97494 


0.07799 

0.1200 

0.1831 

0.2447 

0.2726 

0.2939 

0.3342 

0.3657 

0.3997 

0.4046 

0.4059 

0.40623 


20  GeV 


0,9750 


0.40625 


Table  A1.6.  Output  Wavelengths  A and  Selected  Mach  Angles  (j)  as  a 


Function  of  Electron  Kinetic  Energy  T for  Two  Incident 
Wavelengths  Aq  and  Helium  at  4 Amagat,  n = 1.00001625 


Aq  = 3 cm 

Aq  = 1.25  cm 

T (MeV) 

A(y) 

A(U) 

100 

0.0998 

0.04158 

89.85 

150 

0.3146 

0.13109 

200 

0.3901 

0.1625 

300 

0.4441 

0.1851 

500 

0.4719 

0.1966 

1 GeV 

0.4836 

0.2015 

2 GeV 

0.4865 

0.2027 

10  GeV 

0.48747 

0.203113 

20  GeV 

0.48750 

0.203125 

89.67 
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Table  A1.7.  Output  Wavelengths  A and  Selected  Mach  Angles  (f)  as  a 

Function  of  Electron  Kinetic  Energy  T for  Two  Incident 
Wavelengths  A and  Helium  at  1/3  Amagat,  u = 1.00001083 


Aq  = 3 cm 

Aq  = 1.25  cm 

T (MeV) 

A(y) 

A(y) 

200 

0.2275 

0.09481 

89.777 

500 

0.3094 

0.1289 

1 GeV 

0.3211 

0.1338 

20  GeV 

0.3250 

0.1354 

89.733 
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Table  A1.8.  Output  Wavelengths  X and  Selected  Mach  Angles  ())  as  a 

Function  of  Electron  Kinetic  Energy  T for  Two  Incident 
Wavelengths  X^  and  Argon  at  1 Amagat,  u = 1. 0002.59 


Xq  = 3 cm 

Xq  = 1.25  cm 

T (MeV) 

X(u) 

X(y) 

22.5 

0.3701 

0.1542 

89.715 

25.0 

1.7495 

0.7290 

50 

6.234 

2.598 

100 

7.382 

3.076 

88.729 

200 

7.672 

3.197 

500 

7.754 

3.231 

1 GeV 

7.766 

3.236 

2 GeV 

7.7690 

3.2371 

tuning  of  the  incident  wavelength.  Selected  values  of  the  Mach  angle  are 


also  given  in  these  tables.  Noble  gases  have  the  advantage  of  being  weakly 
dispersive  up  to  fairly  high  frequencies. 

Table  A1.5  shows  that  for  He  at  STP,  output  wavelengths  from  the  ir 
through  the  visible  and  into  the  uv  and  even  soft  x-ray  regime  can  be 
obtained  for  electron  energies  at  which  fairly  intense  beams  are  readily 
available  (60-100  MeV) . The  output  wavelengths  begin  to  reach  an  asymptotic 
value  around  the  GeV  regime.  This  is  a general  feature  of  SESR  in  weakly 

2 

dispersive  media.  From  expressions  (lb),  (2b)  and  (14)  one  has,  for  e = n , 


^ = Bn  - 1 , (15) 

^0 

which  in  the  asumptotic  regime  (B  1)  yields  the  maximum  wavelength 

= (n  - 1)A„  . (16) 

m U 


The  numerical  results  in  the  last  two  rows  of  Table  Al-5  show  a very 
narrow  spread  of  wavelength,  (AA/X)  = 3(10  ^) (AE/E) , where  AE  can  be  inter- 
preted as  either  the  change  in  the  energy  of  a single  electron  due  to  all 
energy-loss  mechanisms  or  as  the  spread  in  the  electron-beam  energy.  This 
is  not  intended  to  imply  that  the  output  bandwidth  will  actually  be  this 
narrow,  but  rather  to  indicate  that  the  limitation  in  monochromaticity  in 
the  high-energy  asymptotic  regime  will  be  set  by  the  spread  in  the 
incident  wavelength,  which  has  here  been  ignored  completely,  or  possibly 
ether  factors  that  may  come  into  play  for  intense  electron  beams,  which 
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are  identified  in  the  final  section  for  further  study.  But  it  is  clear 
that  the  design  parameters  given  in  Table  A1.5  allow  for  rather  precise 
tuning  at  0.97  ym  (ir)  and  0.40  ym  (blue  light)  for  electrons  in  the  GeV 
region,  and  by  continuous  variation  of  the  incident  wavelength,  a precise 
output  wavelength  anywhere  in  the  regime  spanned  by  these  two  values  and 
even  beyond  it. 

. ibles  A1 . 6 and  A1.7  show  the  additional  degree  of  freedom  that  obtains 
by  varying  the  density  of  the  gaseous  medium,  which  can  be  controlled  very 
accurately.  Specifically,  these  tables  show  that  by  lowering  the  density 
the  output  is  shifted  toward  higher  frequencies,  though  at  the  cost  of 
increasing  the  intrinsic  bandwidth  at  a given  electron  energy  or, 
alternatively,  of  pushing  the  asymptotic  regime  to  higher  energies.  It 
is  clear,  however,  that  by  judicious  choice  of  the  helium  density  a fairly 
stable  output  frequency  can  be  generated  anywhere  between  the  ir  and  near 
uv  for  electron  energies  of  several  hundred  MeV,  where  e-beam  technology 
is  well  developed. 

As  a specific  example  of  an  application  of  SESR  at  a frequency  at 
which  intense  precision  sources  are  presently  unavailable,  we  mention 
controlled  fusion  by  inertial  confinement  (pellet  implosion),  for  which 
an  optimum  wavelength  is  presently  thought  to  be  around  X - 0.25  y.  This 
can  be  obtained,  for  example,  by  He  at  h amagat  and  = 1.54  cm  or  at 
0.615  amagat  and  Aq  = 1.25  cm,  in  either  case  at  electron  energies  around 
several  hundred  MeV,  the  precise  value  depending  on  the  degree  of  mono- 
chromaticity  required. 

By  using  gases  with  larger  susceptibilities  than  that  of  helium  one 
can  get  stable  output  lines  at  lower  electron  energies.  Table  A1.8 


illustrates  this  defe^ee  of  freedom  with  argon,  whicli  has  a susceptibi i.ity 
about  an  order  of  magnitude  larger  than  that  of  helium.  The  output  line 
is  seen  to  be  fairly  stable  already  at  around  100  MeV.  At  1 amagat  the 
saturation  wavelength  is  in  the  ir . By  decreasing  the  density  the  SESR 
frequency  can  be  increased  to  get  stable  output  in  the  visible,  and  by 
increasing  the  density  the  output  frequency  can  be  pushed  further  into 
the  ir. 

Two  examples  of  specific  wavelengths  in  this  regime  for  which  there 
is  a known  need  but  no  available  intense  sources  are  tne  16  U line,  which 
has  application  to  isotope  separation  by  multiphoton  dissociation,  and  a 
line  around  100  p,  which  has  application  to  heating  of  a magnetically- 
confined  plasma.  The  ’5  y line  can  be  generated  in  argon  by  using  either 
of  the  following  sample  sets  of  parameters;  i)  = 3 cm  and  n = 1.00055, 
which  corresponds  to  2.125  amagat,  at  a kinetic  energy  T = 88.1  MeV  of 
the  electron  to  give  AA/X  - 6(10  ^)(AE/E);  or  ii)  Aq  = 6.2  cm  at  1 amagat 
and  T - 372  MeV  to  give  AA/A  = 7(10  ) (AE/E)  . A tunable  source  at  100  y 
can  be  obtained  using  argon  by,  for  example,  iii)  Aq  = 3 cm  and  12.9  amagat 

_3 

(ii  = 1.00334)  at  T = 140  MeV,  which  gives  AA/A  - 4(10  ) (AE/E) ; or  by 

^v)  Aq  = 1.25  cm  and  31  amagat  (n  = 1.00803)  at  T = 66.8  MeV,  which  gives 
AA/A  7(1C"^)  (AE/E)  . 

As  a final  example  of  the  specific  media,  we  consider  pentane,  for 

—A  —4 

which  n - 1 = 17.7(10  ) and  CgF^^O,  for  which  n - 1 = 27.4(10  ).  Both 

these  gases  have  significantly  larger  susceptibilities  than  those  of  helium 

or  argon,  and  consequently  both  are  commonly  used  in  Cerenkov  counters. 
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In  Table  Al,5-A1.8  emphasis  was  placed  on  the  asymptotic  energy  regime, 
with  its  attendant  fine  tunability  and  narrowband  output.  In  Table  A1.9 
and  Al.lO  we  consider  the  low-energy  regime,  with  emphasis  on  rapid  tuning 
of  output  frequency  by  varying  the  electron  energy.  Table  A1.9  gives  output 
wavelengths  and  Mach  angles  as  a function  of  pentane  density  for  Aq  = 10.6  p 
(CO2  laser)  and  Xq  = 1.06  y (neodymium  laser),  each  for  sample  values  of 
3 MeV  and  21  MeV  electrons,  where  intense  beams  are  readily  available. 

Table  Al.lO  has  the  same  format  for  CgF^^O,  but  for  only  one  incident  wave- 
length and  one  electron  energy.  Its  purpose  is  simply  to  show  that,  because 
of  the  higher  X value  of  CgF^^O  relative  to  that  of  pentane,  nearly  the 
same  output-wavelength  regime  can  be  spanned  with  a much  smaller  density 
regime.  We  note  that  some  of  the  output  wavelengths  correspond  to  frequency 
regimes  for  which  medium  resonances  may  play  a role.  The  results  should, 
therefore,  be  regarded  as  semiquantitative . 

The  relation,  under  self-limiting  conditions,  between  energy  converted 
by  a single  electron  into  SESR  in  an  interaction  distance  and  the  band- 
width of  emitted  radiation  is  given  by  expressions  (3)  and  (9)  taken 
together.  Table  Al.ll  gives  the  kinetic  energy  of  the  electron  for  different 
relative  bandwidths . Thus  this  table  provides  a measure  of  energy  conversion 
into  SESR  as  a function  of  bandwidth  under  self-limiting  conditions. 

Table  A1.12  gives  the  dimensionless  parameter  L^/k,  where 
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8TTr  (W,  /AL) 
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of  Refraction 
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Table  Al.lO.  Output  Wavelengths  X and  Mach  Angles  <()  as  a Function  of 


the  Density  and  Index  of  Refraction  n of  CoF, ,0  for 

o lb 

T = 21  MeV  and  X^  = 10.6. 


Density 

(amagat) 

n 

X(y) 

(") 

1 

1.00274 

0.02604 

86.0 

5 

1.01370 

0.1422 

80.1 

10 

1.0274 

0.2874 

76.8 

15 

1.0411 

0.4325 

73.9 

17.5 

1.0475 

0.5051 

72.7 

18.5 

1.0507 

0.5342 

72.2 

20.0 

1.0548 

0.5777 

71.5 

22.5 

1.0617 

0.6503 

70.4 

25.0 

1.0685 

0.7229 

69.4 
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Table  A1.11.  Kinetic  Energy  T(L.)  of  the  Electron  (MeV) , under  Self- 

Limiting  Conditions  for  Emission  into  SESR,  at  Interaction 

Distances  Corresponding  to  Different  Relative  Bandwidths 

to.  )/(^  Different  Initial  Kinetic  Energies 

' s s s 0 

the  Relation  Between  Interaction  Distance  and  Relative 
Bandwidth  Is  Specified  Jointly  by  Eqs . (3)  and  (9). 


(AQ  /n  ) 

s s 

T 

10  GeV 

1 GeV 

200  MeV 

50  KeV 

10  MeV 

lO'^ 

7.84 

4.68 

3.39 

2.51 

1.64 

lo'^ 

51.5 

32.4 

23.4 

17.4 

8.32 

10-5 

327 

203 

128 

47.9 

9.98 

10-' 

2038 

851 

198 

49.97 

=10 

10~^ 

8515 

988 

=200 

=50 

=10 

10~^^ 

9998 

=1000 

= 200 

=50 

=10 
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as  a function  of  bandwidth,  initial  electron  kinetic  energy  and  index  of 
refraction.  Table  A1.13  lists  values  of  « as  a function  of  the  power  P = 
c(Wj^/AL)  of  the  incident  electromagnetic  wave  for  three  different  incident 
wavelengths.  The  product  of  the  entries  in  Tables  A1.12  and  A1.13  yields 
the  interaction  distance  parametrized  in  terms  of  the  incident-electron 
kinetic  energy,  incident-electromagnetic-wave  power  and  wavelength,  output 
bandwidth  and  index  of  refraction.  When  combined  with  the  listings  of 
Table  Al.H,  this  will  give  the  parametric  relation  between  L^,  energy 
conversion  into  SESR  and  bandwidth. 

Table  A1.14  gives  the  efficiency  C for  maximum  conversion  by  an 
electron  into  SESR  under  self-limiting  conditions  for  different  electron 
energies  and  susceptibilities.  The  total  energy  converted  into  SESR  is 
given  by  ?T,  where  T is  the  initial  kinetic  energy.  The  efficiency  is 
seen  to  increase  with  increasing  electron  energy  for  a fixed  value  of  x> 
and  it  ranges  from  very  low  values  for  susceptibilities  corresponding  to 
just  above  SESR  threshold  to  values  above  95%  as  X increases  for  a fixed 
electron  energy.  This  points  up  an  additional  advantage  of  operating  in, 
or  at  least  near,  the  saturation  regime. 

A1 . 4 Recommendations  for  Further  R&D 

1)  Numerical  study  of  the  characteristics  of  the  SESR  output  in 
frequency-dispersive  media,  including  the  distribution  of 
intensities  among  different  shock  frequencies,  based  on  general 
analysis  of  SESR  in  frequency-dispersive  media  and  calculations 
or  experimental  values  of  oscillator  strengths  for  specific 
media. 
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Table  A1.13. 

The  Scaling  Length  K (cm) 

as  a Function 

of  Power  P of 

Incident  Electromagnetic 

Wave  for  Three 

Incident  Wavelengths 

^0 

P 

3 cm 

10.6  y 

6(10  ^)  cm 

(watts-cm 

(microwave) 

(CO2  laser) 

(ruby  laser) 

1 

2.97(10^) 

1.15(10^) 

1.69(10^) 

10^ 

4.94(10^) 

2.47(10^) 

3.64(10^) 

o 

1—1 

1.06(10^) 

5.32(10^) 

7.84(10^) 

10^ 

2.29(10^) 

1.15(10^) 

1.69(10^) 

O 

00 

4.93(10^) 

2.47(10^) 

36.4 

O 

o 

1.06(10^) 

53.2 

7.84 

Table  A1.14.  Efficiency  C for  Conversion  into  SESR  under  Self -Limiting 
Conditions  as  a Function  of  Initial  Electron  Kinetic 
Energy  T and  Susceptibility  X;  Energy  Converted  into  SESR 


Is  Given  by 

C,T-,  Z,  Is 

Defined  in  Eq. 

(12) 

T 

X 

10  GeV 

1 GeV 

200  MeV 

50  MeV 

10  MeV 

lO"'’ 

0.995 

0.949 

0.747 

no  SESR 

no  SESR 

10“^ 

0.998 

0.984 

0.922 

0.687 

no  SESR 

10“^ 

0.9995 

0.995 

0.977 

0.908 

0.538 

10-' 

0.99988 

0.9988 

0.994 

0.976 

0.882 

2)  Investigation  into  possible  means  for  preferential  excitation 

of  selected  shock  modes  in  regimes  in  which  SESR  emission  occurs 
at  more  than  one  frequency. 

3)  Study  of  the  effect  of  high-intensity  electron  beams,  which 
could  be  used  for  generating  high-power  SESR,  on  possible  changes 
in  the  susceptibility  of  the  medium  due  to  ionization.  Particular 
attention  should  be  placed  on 

a)  possible  effect  on  the  bandwidth  of  the  SESR  output  due  to 
dynamic  changes  in  the  dielectric  properties  of  the  medium; 
this  effect  is  likely  to  be  important  for  lower-frequency 
incident  waves; 

b)  assessment  of  possible  measures  that  can  be  taken  to  counter- 
act potential  problems,  if  any,  due  to  creation  of  free 
electrons,  for  example,  quenching  of  these  free  electrons  by 
using  media  such  as  SF^. 

4)  Investigation  of  many-electr on-beam  effects,  including  possible 
bunching  of  electrons  in  the  beam  over  distances  commensurate 
with  the  SESR  output  at  x-ray  wavelengths  by  the  use  of  configura- 
tions which  would  allow  SESR  feedback  on  the  electron  beam;  such 
bunching  would  lead  to  coherent  superposition  of  the  total  output 

radiation  by  the  N beam  electrons  in  a bunch  and  a power  output 
2 

proportional  to  N . 

5)  Study  of  systems  based  on  a pumping  and  amplification  mechanism 

in  which  SESR  acts  in  combination  with  stimulated  emission  between 
discrete  levels. 
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6)  Systems  studies  of  best  sets  of  parameters  (e— beams,  media, 

incident  frequencies)  for  generating  SESR  for  specific  appli- 
cations : 

a)  heating  of  a magnetically-confined  plasma  (-vlOO  p)  ; 

b)  isotope  separation  by  raultiphoton  dissociation  (16  p)  ; 

c)  isotope  separation  by  single-step  dissociation  (uv); 

d)  controlled  fusion  by  pellet  ^oslon  ('U)..?5  p)  ; 

e)  x-ray  lithography; 

f)  x-ray  optics;  the  fine  tunability  of  the  SESR  process  may 
allow  for  operation  at  selected  narrowband  frequencies 
sufficiently  close  to  resonances  in  materials  for  the  index 

^^f^^ction  of  the  material  at  these  frequencies  to  be 
greater  than  unity  to  permit  the  use  of 
refraction  techniques;  this  would  open  up  the  possibility 
of  extending  the  traditional  optical  art,  e.g.,  microscopy, 
holography,  etc.,  to  the  shorter  wavelength  regime; 

g)  x-ray  sources  for  nuclear-ef fects-simulation  testing. 

7)  Comparison  of  economics  of  SESR  installations  f^r  various  appli- 
cations to  chose  of  x-ray  lasers  or  synchrotron  facility. 

8)  Combined  theoretical  and  high-precision  experimental  studies  of 
SESR  characteristics  for  various  media  under  different  conditions, 
as  a new  method  for  determining  the  dispersive  properties  and 
equations  of  state  for  these  media. 
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